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Abstract 
The thesis focuses mainly on various aspects of the volcano-tectonics processes in 
the Al Haruj Volcanic Province (AHVP), central Libya, as well as the emplacement 
and inflation of the Al-Halaq al Kabir lava flow field of the associated volcanic 
province. Six main volcanic clusters are identified in Libya. Each is thought to have 
been supplied with magmas from a deep-seated reservoir, most likely at the crust-
mantle boundary. The magmatic overpressure in the AHVP is similar to that of 
typical regional feeder dykes in many other areas. Numerical modelling and field 
observations suggest that some feeder-dykes may have used steeply dipping normal-
fault zones as part of their paths to the surface. Hence the various orientations of 
crater rows or volcanic fissures are likely to be partly controlled by the directions of 
pre-existing faults. Together the monogenetic volcanoes in the AHVP form two 
distinct density groups which are interpreted as separate volcanic systems. Each 
system is thought to be fed by a deep-seated and very extensive magma reservoir. 
From the eruptive volumes and the density distributions of the volcanoes, we 
estimate the volumes of the reservoirs. Numerical models are used to investigate 
local variation in the stress field resulting from general doming of the area during the 
late Miocene, as well as local loading by magma reservoirs, including the effects of 
various mechanical properties of the crustal layers, so as to explain the variation in 
space and time of the volcanic activity in this part of Libya. The inflation features are 
used to understand better the emplacement mechanism. The preferred pathways 
beneath upper lava crust are most favourable for thermally efficient lava delivery 
from the vent system to the distal portion of the lava flow field in the Al Haruj 
region. Numerical models suggest stress interaction between the six volcanic 
systems, encouraging shared dykes. The present work also investigates the 
mechanics of central volcanoes and caldera collapses in the Tibesti Volcanic 
Province (TVP), NW Chad.  
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Chapter 1: Introduction  
 
1.1 Overview 
 
The Neogene – Quaternary volcanism within the African and Eurasian plates 
is widely distributed and reflects a change in the plate tectonic regime,  most 
likely are related to the changing stress fields and patterns of mantle 
convection (Guiraud and Bellion, 1995; Janssen et al. 1995; Cloetingh and 
VanWees, 2005; Cloetinghet al., 2005; Abadi et. al., 2008). The volcanoes 
are commonly classified into polygenetic and monogenetic based on several 
criteria. These criteria are mainly concerned with mode of eruption, volcanic 
eruptive volume, frequency of volcanic eruptions, magma source, stability of 
the volcanic conduits, and the mechanisms of the magma generations (Sato 
et al., 1990).  
 
Monogenetic volcanoes strictly erupt only once but are defined as volcanoes 
that produce small eruptive volumes (typically ≤ 1 km3) over a short-lived 
eruption duration (typically ≤ 10 years) with a wide range of eruptive styles, 
such as lava shields, scoria cone, spatter cones, tuff cones and maars (Fig. 
1.1) (Németh and Kereszturi, 2015). The eruptive styles are mainly 
dependent upon magmatic effusion rate, composition of magma and bulk 
ratio of water-magma interaction (Houghton et al. 1999; Parfitt 2004, 
Valentine and White 2012; Valentine and Cortes 2013; van Otterloo et al. 
2013; Valentine and de Vries 2014; Valentine et al. 2014; Németh and 
Kereszturi, 2015).  Modern results from high resolution geochemical data 
(e.g., Jankovics et al. 2012; Valentine 2012; McGee et al. 2013) indicate that 
monogenetic volcanoes can illustrate systematic geochemical variations 
indicating the processes of melt differentiation. The monogenetic volcanism 
can be the result of an individual continuous eruptive phase or many 
discontinuous small eruptions (number of eruptive pluses) that can be fed 
from one or multiple magma batches (Németh and Kereszturi, 2015).  
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Figure 1.1. A schematic illustration of polygenetic and monogenetic 
volcanoes. The eruptive volume of a polygenetic volcano is characterised by 
cumulative eruptive volume that are several orders of magnitude greater than 
that of a typical monogenetic volcano.  The long-lived polygenetic volcanoes 
formed by stabile conduit system from shallow crustal magma chamber, while 
short-lived monogenetic volcanoes formed through movable conduit from a 
deep-seated magma reservoir or even from shallow crustal magma chamber. 
Not to scale (modified from Németh and Kereszturi, 2015).    
 
A single volcanic eruption may consist of several eruptive phases, which 
might take several months to years or even decades (Fisher and Schmincke, 
1984, Thordarson and Self, 1998; Thordarson and Hoskuldsson, 2008). By 
contrast, polygenetic volcanoes are defined as volcanoes that erupt many 
times over long-lived period of time (tens of thousands of years to millions of 
years) through steady eruption via a stable of volcanic conduits, such as 
stratovolcanoes, shield volcanoes and calderas (Fig. 1.1). Therefore, 
polygenetic volcanoes commonly have volumes several orders of magnitude 
larger than monogenetic volcanoes.  Sato et al. (1990) inferred from 
geochemical data from the central part of the Cameroon volcanic line that the 
polygenetic volcanoes were generated by partial melting of the upwelling 
asthenosphere diaper beneath the African plate, whereas the monogenetic 
volcanoes were generated by melting of the lowest part of the subcontinental 
lithosphere. Németh and Kereszturi (2015) have recently determined key 
parameters (eruptive volume, time period of eruption, the eruption style and 
number of volcanic conduits) that can be used to distinguish between 
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monogenetic and polygenetic volcanoes. Many examples from various 
polygenetic and monogenetic volcanoes on Earth are cited throughout the 
thesis in comparison to the study areas.  
 
Although much volcanism occurs at plate boundaries, there is some 
volcanism generated within the plate interior. The highly voluminous 
volcanism within intraplate region is termed hotspots such as Hawaii, 
Iceland, and Louisville in the Pacific hemisphere.  In addition, the massive 
flood basalt provinces within continents are thought to be produced above 
mantle plumes, such as Columbia River Basalt Group (CRBG) and Deccan 
Traps in India (Courtillot and Renne, 2003; Barry et al., 2010).The mantle 
plume theory, despite not being universally agreed upon, gives a global 
framework to understand better volcanism within the plate interiors. The 
hotspots are believed to be underlain by a large plume of anomalously hot 
mantle and caused high degree of melting in the mantle and consequently 
produced enormous volumes of basalt magma (Pirajno, 2004).  
 
Courtillot et al. (2003) have identified three origins of hotspots on Earth which 
correspond to distinct mantle boundary layers as follows. (i) The primary 
hotspots may originate directly from the deepest part of the lower primary 
hotspots (Courtillot et al., 2003). (ii) The mantle plume seems to be   
generated in the lowermost mantle or at the core-mantle boundary and rise 
slowly through the mantle by buoyancy flux (>103 kg s-1). The secondary 
hotspots are generated due to impinging of the   plume stem (Richards et al., 
1989; Cazenave et al., 1989; Pirajno,  2004). (iii) The Andersonian hotspots 
have been linked to asthenosphere and most likely related to tensile stresses 
in the lithosphere and decompression melting (Anderson, 1998; 2000). 
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There are five main intra-continental volcanic provinces in the North  Africa, 
known as Gharyan –Tibesti volcanic provinces (Fig. 1.2). They represent the 
Neogene – Quaternary outpouring volcanic activity and arranged generally 
NW – SE linear trend which cover a total area exceeding 95,000 km2 
(Goudarzi, 1980; Lustrino et al., 2012; Busrewil, 2012). Those volcanic 
provinces are organised from the Mediterranean Sea coastline toward the 
Libyan – Chadian border as follows: (i) Gharyan Volcanic Province (GVP) in 
northwest of Tripoli (ii) As Sawda Volcanic Province (SVP) at the 
westernmost of the Sirt Basin (iii) Al Haruj Volcanic Provinces (AHVP) in the 
central Libya (iv) Nuqay Volcanic Province (NVP) at southernmost of Libya 
and (v) Tibesti Volcanic Province (TVP) at northwest of Chad. In addition, the 
minor volcanic occurrences of Jabal Al Hasawinah at the west of SVP as well 
as the ring dykes of Jabal Awayant are situated in the extreme southeast of 
Libya (Busrewil and Wadsworth, 1980; Elshaafi and Gudmundsson, 2016). 
Although these major five volcanic provinces (Gharyan – Tibesti volcanic 
provinces) form one of the largest volcanic fields in NW Africa, they have not 
been investigated in detail regarding volcano-tectonic evolution, origin of 
magmatism and mechanism of lava emplacement.  
 
The present work mainly focuses on various aspects of the volcano-tectonics 
processes in the late Miocene – Holocene Al Haruj Volcanic Province 
(AHVP), central Libya, and the emplacement and inflation of the Al-Halaq al 
Kabir lava flow field of the associated volcanic province. This study also 
investigates the possibility of mechanical interaction and stress transfer 
between the main volcanic systems throughout Libyan territory. Owing to the 
absence of central volcanoes and collapse calderas in the AHVP, this thesis 
examines the mechanics of central volcanoes and collapse calderas at the 
late Miocene – Pleistocene Tibesti Volcanic Province (TVP), NW Chad. 
There are great differences between the AHVP and the late Miocene – 
Pleistocene Tibesti volcanic province (TVP), NW Chad, regards to volcano-
tectonic aspects, the eruptive styles and production of materials.  
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Figure 1.2. Landsat ETM+ image (adapted from Satellite Imaging Corporation) 
showing the distribution of the Tibesti – Gharyan volcanic provinces. The 
boundaries of volcanic provinces are indicated by dotted n white lines. GVP; 
Gharyan Volcanic Province, SVP; Sawda Volcanic Province, AHVP; Al Haruj 
Volcanic Province; NVP; Nuqay Volcanic Province, TVP; Tibesti Volcanic 
Province  
 
The thesis provides an analytical approach for calculating volume of magma 
reservoirs from the volume of lava shields at the AHVP. Additionally, this 
analytical method has also been applied to estimate the source volume 
needed to supply two large basaltic lava flows at the Ağrı Dağı (Arart) 
stratovolcano, Eastern Turkey.  
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1.2 Aims of the present work 
 
The aims of the present study, using a range of techniques, are as 
follows: 
-  To obtain data on the aspect (length/thickness) ratios of dykes and 
volcanic fissures at the AHVP from multisource high-resolution remote 
sensing images and field observations in order to calculate the magmatic 
overpressure (𝑃0) at the time of dyke emplaced for understanding better 
the volcano-tectonics in the AHVP. This method has important 
implications as a potential way to estimate the minimum magma 
overpressure necessary for a dyke to have the opportunity of erupting, 
thereby adding important data in order to make a realistic assessment of 
volcanic hazards. In addition, using the length/thickness ratios of fissures 
and dykes to estimate volume of injected material.  
 
- To analyse and explore the conditions that favour the development of the 
dykes that fed the AHVP and construct numerical models for magma 
transport through the Earth’s crust in the AHVP. The ultimate aim is to 
integrate numerical modelling, volcano-structural analysis, as well as 
spatial density and alignment of volcanic vents, in order to propose 
alternative mechanisms for magma-fault interaction coherent with 
tectonics alignments that elucidate  how magma  migrate through the 
Earth’s crust to feed an eruption. 
 
-  To describe the morphologies inflation features in the AHVP (e.g., tumuli 
and lava rise plateaus) from more recent lava flows (the Al-Halaq al Kabir 
lava field) that are an indication their mode and style of emplacement. 
The aspect (height/width) ratios of tumuli  are compared with morphology 
and aspect (height/width) ratios to the tumuli which have been studied in 
Icelandic Holocene lava shields (monogenetic shield volcanoes). The 
maximum and minimum axis for tumuli and lava rise plateaus are 
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measured in plan-view in order to find plan aspect ratios. The plan aspect 
ratios are then used to analytical and numerical models of tumuli and lava 
rise plateaus in order to estimate over-magmatic pressure and tensile 
stress that caused deflection and extension fractures respectively.  Such 
data (plan aspect ratios) are also a crucial due to they could be applied to 
understanding remotely sensed observation of lava flows on other 
planetary surfaces (e.g., Moon and Mars).   
 
- Compilation data on height as well as basal diameter of lava shields 
within the AHVP from satellite imagery and available geological maps 
through using ArcGIS10.1 in order to provide density maps of 
monogenetic volcanoes (crater cones, lava shields, and maars) so as to 
define the dimensions of the two main volcanic systems that constitute 
the AHVP. These data are taken as an indication of geometry of the 
magma reservoirs beneath the Al Haruj region. Subsequently, the areas 
and lengths of the axes of the two magma reservoirs beneath the AHVP 
have been calculated through ArcGIS 10.1. 
 
- To provide data on the size and areal distributions of the lava shields on 
the AHVP, and compare them, as regards volume, with similar shields in 
Iceland. For comparison, polygenetic shield volcanoes from the 
Galapagos and Hawaii are included in some of the plots. 
 
- Use numerical modelling results to explain, crudely, the size, age, and 
areal distribution of the lava shields in the AHVP with references to the 
local stresses and loading history of the inferred source magma 
reservoirs in particular. 
 
- Identify spatial density and alignment of volcanic eruptions that allowed 
evaluating the relation between volcanism and tectonics of this Pliocene-
Holocene intracontinental basalt province in order to investigate the 
feasibility of creating the volcano-tectonic model for the AHVP. It is a 
crucial to determine the tectonic controls on magmatism so as to evaluate 
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the possible renewal of volcanic activity in the AHVP due to this volcanic 
field may still be potentially volcanically active. 
 
- To test the possibility of mechanical interaction between magma sources 
for four principal volcanic provinces in Libya (Gharyan, As Sawda, Al 
Haruj and Nuqay), in order to explore and analyse how stress interaction 
between nearby volcanic systems may contribute for formation or 
rejuvenation shear (faults) and extension fractures (e.g., dykes). In fact, 
the stress may be transferred between volcanic and seismic zones in 
extension tectonic regimes (cf. Gudmundsson et al., 2008). The spatial 
distributions of volcanic eruptions or monogenetic volcanoes within those 
volcanic provinces in Libya were examined and presented on a density 
map.  ArcGIS was used to georeferenced raster images of the geological 
maps of these volcanic provinces as a guide to plot crater of these 
volcanoes. The magma reservoirs were modelled as circular hole field-
scale in two-dimensional (2-D) and modelled as oblate ellipsoids (penny 
shaped or sill-like) with a thickness of 2 km penny-shaped in three-
dimensional (3-D) with magmatic excess pressure 5 MPa at depth of 35 
km corresponding to the crust-mantle boundary. The minimum diameter 
of reservoir for each volcanic system was roughly estimated at around 66 
km by tracing the boundary of the greatest amount of volcanoes from 
density volcanic eruptions map. 
 
- To provide a model to explain the formation of the central volcanoes 
(constructive structure) and calderas (destructive structure) as a 
consequence of the existence of a shallow magma chamber for the 
Tibesti Volcanic Province (TVP). Finite element methods (FEM) are used 
here to calculate the local stress field associated with magma chamber to 
better understand the volcano-tectonics mechanism for the TVP. Magma 
chambers are modelled here as a hole (circular) and oblate ellipsoids 
(penny-shaped, or sill-like) within the Earth’s crust and subject to various 
loading conditions. The three main loading conditions considered are (i) 
the excess magmatic pressure within magma chamber, (ii) tensile 
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stresses represent the remote or field stress as well as (iii) the 
compressive stress at the bottom of the crust during the end of Miocene 
due to accumulation magma at lower crust or at the crust-mantle 
boundary and subsequently caused regional swelling or uplift. The results 
indicate that the uplift doming at the lower crust played major role to 
generate three major calderas respectively, while excess magmatic 
pressure and far-field stress as loadings are only favoured to form 
constructive volcano (radial dykes and inclined sheets) rather than 
collapse caldera (ring-faults and ring-dykes). Basaltic rocks mainly 
produced at peripheral of province and meantime followed each collapse 
caldera, but the intermediate and acid rocks are produced in the central 
parts.  
 
- To explore the feeding mechanism of the large-volume basaltic lava flows 
at Ağrı Dağı (Ararat) volcano, Eastern Turkey, in the absence of evidence 
of volcano-tectonic forcing contributing to the generation of the lava flows.  
 
 
1.3 Thesis plan  
 
Two chapters and one appendix of this thesis are presented as peer-
reviewed and published papers and one chapter in the second revision with 
some corrections before considered for publication in Tectonophysics. Two 
chapters are in preparation for publication in international scientific journals 
as well. Each of these chapters can be considered as separate study but all 
fit together as a part of a general volcanotectonic investigation and lava 
emplacement. The main methodologies frameworks have been used in this 
thesis are presented in Chapter 4. This chapter involves selecting a suitable 
research design, choosing and applying proper procedures for data 
collection and modelling. All measurements are subject to erroneous that are 
critically evaluated and accompanied by statement of the associated error or 
uncertainty. The tectonic evolution and palaeographic of Libya and North 
Africa at large scale are summarised in Chapter 3 with attention on the 
tectonic of the Sirt Basin due to the Al Haruj Volcanic Province (AHVP) is 
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located at the south-western margin of the Sirt Basin, one of the main 
structural elements of North Africa. It follows that the volcano-tectonic 
evolution of the Al Haruj region and history is strongly related to the tectonic 
evolution of the Sirt Basin. 
 
Chapter 5 gives the first detailed description of the AHVP, and its 
volcanotectonic structures and evolution. In particular, we present the result 
of a study of over 400 lava shields, crater cones, maars, 47 feeder-
dykes/volcanic fissures, and about 1000 related (mostly normal) faults. We 
show that, despite the great depth of origin of the magma (≈ 35 km), the 
magmatic overpressure is similar to that of typical regional feeder dykes in 
many other areas. We also show that some of the dykes may have used 
steeply dipping faults as parts of their paths and that the volcanic field can be 
divided into two subfields, the northern one of which may still be active.  
 
Chapter 6 provides, for the first time, data on the size and areal distributions 
of 55 lava shields on the Al Haruj Volcanic Province (AHVP) that are mostly 
restricted to the north and southern parts and date from late Miocene to (at 
least) the end of Pleistocene (some activity extends into Holocene), and 
compare them, as regards volumes, with similar shields in Iceland. For 
comparison, polygenetic shield volcanoes from the Galapagos and Hawaii 
are also included in some of the plots. In particular, we show that the typical 
radius and height of lava shields on the AHVP are much closer to 
monogenetic lava shields in Iceland than polygenetic shield volcanoes on 
Hawaii and Galapagos and that the volumes of shields and their areal 
distributions have gradually decreased over time.  
 
We also show that all the monogenetic volcanoes (shields, crater cones, and 
maars) form two distinct density groups, which we interpret as a separate 
volcanic systems. We propose that each system is fed by a deep-seated and 
very extensive magma reservoir. The density distribution of the volcanoes in 
each system, plotted as eruption points or sites, has a roughly elliptical 
surface expression, suggesting similar plan-view geometry of the source 
reservoirs. From the eruptive volumes and the density distributions of the 
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volcanoes, we estimate the volumes of the reservoirs. In addition, we made 
several numerical models in order to investigate local variation in the stress 
field resulting from general doming of the area during the late Miocene, as 
well as local loading by magma reservoirs, including the effects of various 
mechanical properties of the crustal layers, so as to explain the variation in 
space and time of the volcanic activity in this part of Libya. 
 
Chapter 7 reports the results of detailed measurements of several hundreds 
of lava rise plateaus and tumuli at the distal portion of the Al-Halaq al Kabir 
lava field using field observations as well as ArcGIS10.1. These inflation 
features are used to understand better the emplacement mechanism in the 
Al Haruj region. Lava tubes played significant role in the transport of lava 
from the vent system to the distal portion of the flow field.  Laboratory 
experiments are employed to determine dynamic Young’s modulus for the 
basaltic rocks in the study area. Analytical and numerical approaches used 
to estimate the maximum tensile stress in the inflated upper crust which 
suggest theoretical stresses orders of magnitude higher than the tensile 
strengths of rocks.  The tensile stresses induced by the effect of inflation are 
more than sufficient to result in brittle failure at the surface of the of the Al-
Halaq al Kabir lava flow field. Tumuli observed in the area are remarkably 
similar in morphology and aspect (height/width) ratios to the flow-lobe tumuli 
which have been examined in Holocene lava shields (monogenetic shield 
volcanoes) in Iceland by Rossi and Gudmundsson (1996) at the distal portion 
of flow field, similar our study site. This geometric similarity suggests that 
they may have been emplaced through an analogous mechanism. 
 
 Chapter 8 provides new data on volcanic eruption centres in Libyan territory 
and combines this data with a suite of finite element numerical models in 
order to infer the relative location of magma reservoirs, and test, for the first 
time the possibility of mechanical interaction and stress transfer between the 
main volcanic systems of Libya. The spatial distributions of volcanic craters 
within these volcanic provinces were examined and presented on a density 
map using ArcGIS 10.1. Six main volcanic clusters are identified in this study 
so that an individual magma reservoir may have existence beneath each 
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maximum amount of volcanic craters. The crustal thickness may be variable 
along Libyan volcanic zone where each magma reservoir may be mainly 
drawn magma from a limited region where the crustal thickness attains a 
relative minimum that strongly correlated to the current basement elevated 
areas.  
 
The magma reservoirs modelled as two-dimensional sill-like in 2-D and 
penny-shaped in 3-D within the elastic lower crust with length 66 km and 
thickness 2 km. The numerical models indicate, and the field data propose 
that the volcanic systems in Libya predominately interact mechanically with 
the nearby volcanic system even the great distance separates between 
them. In addition, the present numerical models explain why most of 
volcanoes in Libya have been erupted within or in the space between the 
four principal volcanic provinces. We also show that the high tensile and 
shear stresses concentration zones between the magma reservoirs that are 
nearly coincidence with extension (dykes and volcanic fissures) and shear 
(faults) fractures dominated in the area. There is considerable observational 
evidence supporting the numerical modelling findings. 
 
Chapter 9 considers the mechanisms of central volcanoes and caldera 
collapses at the late Miocene – late Pleistocene Tibesti Volcanic Province, 
northernmost Chad. The variety of volcanic products along the TVP range 
from contemporaneous basaltic to acidic, during the end of Miocene to late 
Pleistocene, propose that the magma in this volcanic field may be 
comparatively derived from double magma sources. While the Al Haruj 
Volcanic Province, central Libya, is commonly supplied through single 
magma reservoir, most likely at the crust-mantle boundary and only 
produced basaltic lava flows. 
 
We present many numerical models with various loadings to better 
understand the volcano-tectonic evolution and spatial and temporal 
distribution of the major volcanic units for this volcanic province. We infer that 
the stress fields associated with excess magmatic pressure or regional field 
stress as loading are only favourable to form constructive volcano (radial 
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dykes and inclined sheets) and mostly associated with small volcanic 
eruptive materials. By contrast, stress fields associated with the doming at 
the lower crust owing to accumulation of magma is favourable for initiation 
ring-faults at the surface or at shallow depth leading to emplacement of ring-
dykes from lateral ends of existence shallow crustal magma chamber that 
subsequently led to subsidence block roof (piston-like caldera subsidence) 
and squeeze out most of magma in the chamber.   
 
Appendix (C) deals with the multidisciplinary study of the Pliocene - 
Holocene Ağrı Dağı (Arart) stratovolcano, Eastern Turkey. This paper 
focuses on the most recent major eruptive phase that culminated with the 
eruption of two large-volume mafic lava flows of 3.2 km3 and 0.6 km3, 
respectively. Since it is unusual for stratovolcanoes to produce such large 
basaltic eruptions, we integrated different data (analytical, numerical models, 
seismic tomographic images along with geochemical data) to improve our 
understanding the conditions that triggered two large basaltic lava flows. 
They also convincingly demonstrated the presence and location of multiple 
magma chambers/reservoirs. This study is of interest also for social 
applications like contributing to a better local knowledge for volcanic hazard 
assessment due to this stratovolcano has at least four historical volcanic 
eruptions. Chapter 10 discuses and evaluates our results in the light of the 
methods and techniques used throughout thesis. Finally, chapter 11 involves 
briefly summary along with how the work can be ongoing into future 
researches.    
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2.1 Introduction  
 
The Gharyan – Tibesti volcanic provinces are spatially related to two 
structural trends; early Palaeozoic structural elements of a prevalent NW–SE 
to NNW–SSE direction (parallel to the Red Sea) and late Palaeozoic to 
Mesozoic structures (Hercynian Orogeny) with a general E–W to ENE–WSW 
trend (parallel to East Africa rift) (Fig.2.1) (Woller and Fediuk, 1980). These 
two orthogonal trends represent regional structures, which have played a 
significant role in the geological evolution of this region, particularly on the 
location of thermal uplifts and magmatism (Woller and Fediuk, 1980; 
Radivojević et al., 2015). The Cenozoic Libyan magmas are most likely 
related to reactivation of these pre-existing megastructures during 
lithospheric stretching and asthenospheric upwelling as a result collision 
between the African and European plates since the late Jurassic (Bardintzeff 
et al., 2012; Stuart et al., 2014). Furthermore, at large scale there are two 
giant structural lineaments, namely Tibesti Lineament and Taoudenni 
lineament. They were identified by Guiraud et al. (2000) based on satellite 
imagery and digital elevation models (Fig. 2.1b). The Tibesti Lineament 
extends around 6,000 km length NW–SE striking from Algeria to Kenya while 
the Taoudenni lineament extends around 3,000 km length NE–SW striking 
along the northern margins of Taudenni Basin and the Hoggar Massif. Both 
giant lineaments are more or less parallel with the regional structural 
elements have been suggested by Woller and Fedick (1980) in Libyan 
territory. 
 
The Gharyan – Tibesti volcanic provinces, however, are strongly correlated 
to the current basement elevated areas. The basement highs seem to be 
reflected subcrustal arching where magma might have preferentially 
penetrated. Alternatively, this might be difficulty in piercing thick sedimentary 
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sequence. The Precambrian crystalline rocks in Libyan territory are exposed 
in narrow and comparatively small areas such as Jabal al Hasawinah, west 
of the SVP and inlier of Dur Quassah west of the AHVP, whereas large areas 
at Tibesti massif at Libyan – Chadian border (Fig. 2.1). Therefore, it seems 
the attenuation of the Earth's crust within these specific areas during 
Palaeozoic and Mesozoic period is one of the main contributions that 
encourage to the outflowing of five principal volcanic provinces during the 
Tertiary up to Holocene time (Busrewil and Oun, 1991; Goudarzi, 1980; El-
Makhrouf, 1988; Less et al., 2006). The following sections describe 
volcanological and tectonic aspects of the relevant volcanic provinces and 
pays particular attention to the AHVP. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. a) Simplified geological map showing the distribution of the Tibesti 
– Gharyan volcanic provinces (modified from Abadi et al., 2008; Deniel et al., 
2015). b) Digital elevation map (from Shuttle Radar Topography Mission – 
SRTM data) shows two main orthogonal structural trends through the Libyan 
territory based on Woller and Fediuck (1980) which are more or less parallel 
with the mega-lineaments (Tibesti and Taoudenni Lineaments) were identified 
by Guiraud et al. (2000).  
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2.2 Al Haruj Volcanic Province (AHVP) (late Miocene to Holocene) 
 
The Al Haruj Volcanic Province (AHVP) represents the largest part of the five 
extensive Gharyan – Tibesti volcanic provinces which are considered to be 
typical within plate (Busrewil and Suwesi, 1993; Peregi et al., 2003; Less et 
al., 2006). The AHVP developed during the end of Miocene up through 
Holocene time and has been linked to the rifting and tectonic evolution of the 
rifting of the Sirt Basin (Busrewil and Suwesi, 1993; Cvetkovic et al., 2010; 
Busrewil, 2012). The AHVP shows many similarities with the other three 
main mafic volcanic fields in the Libyan Territory (Gharyan, As Sawda and 
Nuqay volcanic fields) while it varies from Tibesti Volcanic Province (TVP), 
particularly in terms of volcano-tectonic mechanism, volcanic style, and 
products materials.  For example, the lava flows of the Neogene – 
Quaternary Libya’s volcanism are dominated by basaltic rocks with a minor 
amount of phonolites at Gharayn Volcanic Province (GVP). The basaltic lava 
flows are mainly associated with lava shields and scoria cones and absence 
of any collapse caldera or central volcanoes at Libya’s volcanism. By 
contrast, the Tibesti Volcanic Province (TVP) is almost entirely made of 
ignimbrites, trachyte along with basaltic lavas which are characterised by 
predominately of collapse calderas and bimodal central volcanoes.     
 
The AHVP is primarily made of sizeable alkaline to transitional basalts and 
subordinate sub-alkaline basalts; whereas more differentiated volcanic rocks 
are not observed (Busrewil and Suwesi, 1993; Peregi et al., 2003; Less et 
al., 2006). The area of the AHVP has been calculated using ArcGIS 10.1 
which covers a total an area of approximately 42,000 km2. It has been 
subdivided into two subprovinces from the north to the south based on 
morphology, age and thickness of lava flows (Busrewil and Suwesi, 1993; 
Peregi et al., 2003). The main and youngest subprovince is called Jabal Al 
Haruj al Aswad (the Black Mountain) or the Al Haruj al Aswad Subprovince 
(AHAS), which is mainly considered to be younger than Pliocene. Whereas 
the Jabal Al Haruj al Abyad (the White Mountain) or the Al Haruj al Abyad 
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Subprovince  (AHAB)  falls in the southern part of the main body which is 
slightly prolonged in a direction of a  NNW–SSE trending zone (Peregi et al., 
2003; Less et al., 2006; Martin and Nemeth, 2006; Al-Hafdth and El-Shaafi., 
2015). However, the Al Haruj al Aswad Subprovince (AHAS) is dominated by 
large shield volcanoes setting on a lava plateau, while Al Haruj al Abyad 
Subprovince (AHAB) comprises clusters of scoria, spatters cones and maars 
aligned NW–SE to NNW–SSE trend (Martin and Nemeth, 2006; Abdel-al et 
al., 2013). A relatively large lava plateau was built during the first volcanic 
phase, and the magma seems to have been emitted as extremely fluid via 
several hundred of volcanic fissures. Most of the feeding fissures cannot be 
recognised in the field or from high-resolution remote sensing because they 
have been covered by more recent eruption products (Busrewil et al., 1996; 
Busrewil, 2012).  
 
The surface features of the old volcanic phases are strongly eroded while the 
more recent volcanic phases have been well-preserved and show the 
primary features of pahoehoe lava flows which indicate that the volcanic 
activity was continued into Holocene (Busrewil and Suwesi, 1993; Busrewil, 
2012). The differences in appearance and morphology between various 
volcanic phases have produced conspicuous topographic features, easily 
recognised in the field as well as on the aerial photographs and satellite 
images (Busrewil, and Suwesi, 1993; Peregi et al., 2003; Less et al., 2006). 
The surface exposures of the old lava flows are generally massive angular-
blocky to sub-angular and composed of a pale grey colour and commonly 
have tension fractures (Fig. 2.2a). By contrast, the surfaces expressions of 
recent lava flows are extremely fresh, largely unaffected by weathering, coal 
black lava rocks, vesicular and show ropy pahoehoe flow structure and 
characterised by predominately inflation structures, such as tumuli and lava 
rises (Fig. 2.2b). Those basaltic rocks are generally disconformably overlying 
the older sequence of sedimentary rocks (Eocene to middle Miocene); (Fig. 
2.2c). However, an elucidation of the origin and volcano-tectonics of this 
widespread Tertiary to Quaternary intra-continental volcanic rocks for the 
AHVP in particular and the Ghyaran – Tibesti volcanic provinces in general 
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are often controversial topic in the literature. They involve contrasting 
tectonic processes related to magma generation, such as lithospheric an 
extension and mantle plume upwelling (e.g., Peregi et al., 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Field photographs showing a) large-blocky outcrop of an old 
basalt flow, b)  a ropy pahoehoe lava in a more recent basalt flow (probably 
Holocene),  c) the lower part calcareous sandstone of Maradah Formation 
(Lower – Middle Miocene) capped by blocky basaltic rocks in Wadi Al Bagar, 
the northeastern part of the AHVP. Note the persons at the top of photo for 
scale.  
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2.2.1 Physiography, accessibility and climate  
 
The overall landscape of Al Haruj area that of is a vast plateau. It is mainly 
characterised by hilly, undulating hummocky morphology having numerous 
steep lava fronts, blocky lava field as well as tumuli and lava rises 
transversed by intermittent of desert sand dunes and dotted by kipukas 
(Busrewil and Suwessi, 1993; Busrewil, 2012; Al-Hafdth and El-Shaafi., 
2015).  
 
The AHVP rises above the surrounding area, and the average relief is 
around 700 m above sea level in the northern part of the AHAS. However,  it 
reaches between 550 to 600 m above sea level in the southern part of the 
AHAB (Salem, 2014) (Fig. 2.3). The large spread of the lava flows appears to 
be mainly due to the flat the paleo-relief whereas the lava flows at periphery 
exhibited distinct elongation that run-off within paleo- valleys (cf. Yahiaoui et 
al. 2014). Although, the Al Haruj region was inhabited in prehistoric time as 
proven from prehistoric tools, where lithic was found from many sites within 
the Al Haruj (Busrewil et al., 1996; Busrewil, 1996). Currently, the whole area 
of the Al Haruj is uninhabited, with no permanent settlement (Busrewil and 
Suwesi, 1993; Salem, 2014). However, it contains some oil fields for national 
and international oil companies because the Al Haruj region contains some 
important hydrocarbons reservoirs (Fig. 2.4). The Al Haruj area is accessible 
through several villages such as Zallah, Hun, Soknah, Al Fugaha and 
Temessah in the northwest, on dirt road or tracks so that a four wheel drive 
vehicle is an essential to access the study area. However, the Al Haruj 
region is cut by many valleys flowing generally from west-southwest toward 
east-southeast. These valleys radiate from the central part of the Al Haruj al 
Aswad Subprovince (AHAS) to their tributaries branching non-systematically 
in various directions.  
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Figure  2.3. Relief map showing the locations and elevations of the main five 
volcanic provinces (a digital elevation model at 90 m spatial resolution is 
taken from ETOPO1 Ice Surface Global Relief Model, 2009). 
 
The surface topography of Al Haruj is characterised by widespread small 
shallow depressions, known as kipuka or Balta in a local Arabic name. 
Kipukas are surrounded by lava flows and characterised by flat bottomed 
Quaternary sediments, varying in diameter from about a few hundreds of 
meters to several kilometres. This feature commonly forms when lava 
surrounds a hill or topographic high at the time of the lava emplacement 
(Peregi et al., 2003). During lava emplacement  and inflation processes, the 
surface topography generally begins to be reversed, high areas (e.g., 
kipukas) in the terrain become low whereas low areas become lava rises and 
tumuli (Self et al., 1998).Therefore, the kipukas are now depressions among 
the lava tongues and inflation features. They are commonly filled by 
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Quaternary sediments of yellow colour, which are partly of aeolian origin and 
may be derived from the surrounding slopes of sedimentary rocks (Fig. 2.5).  
The kipukas are readily recognisable on satellite image as small white spots 
within more recent lava flows.  (Busrewil and Suwesi, 1993; Peregi et al., 
2003; Less et al., 2006). The climate in this region is very arid, and with an 
annually but erratic rainfall between October and April which ranges from 15 
to 30 mm/year. The average temperature in June and July is around 37˚C, 
whereas in December and January, it is less than 10˚C. The humidity is 
about 22% in June and July (Goudarzi, 1970; Busrewil and Suwesi, 1993). 
Furthermore, the winter is typically Saharan, very cold at night and warm 
during the day; it is hot in the summer with occasional sand storms. Acacia 
tortilles and Ziziphus lotus are the main flora growing in this area. Annuals 
herbs and grasses provide a ground cover over the kibukas and valleys 
banks (Busrewil and Suwesi, 1993). Nevertheless, as the AHVP is quite 
remote as mentioned earlier, it is rather inaccessible and an extremely tough 
terrain. The field works were carried shared with the team of Industrial 
Research Centre (IRC), Tripoli, who were doing field work as part of the 
geological mapping project of SE Libya. 
 
2.2.2   Volcano-tectonic evolution of the AHVP 
 
The Al Haruj al Aswad Subprovince (AHAS) represents the northern of the 
AHVP and characterised by more than 100 m thickness of volcanic 
sequence and dozens of large lava shields (Peregi et al., 2003). Lavas 
emitted in the central parts of this subprovince were captured by radial 
erosional pattern along the periphery, so that the volcanic pile gradually 
decreases in thickness towards the margins (Fig. 2.2c). The Al Haruj al 
Abyad Subprovince (AHAB) is situated in the southern part of the main body 
of the AHVP which is slightly elongated toward NNW–SSE (Peregi et al., 
2003;Martin and Nemeth, 2006; Less et al., 2006) (Fig. 2.4). 
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Figure 2.4. Sketch map showing the drainage pattern of the AHVP and areal 
distribution of volcanoes inferred from the available geological maps of the Al 
Haruj region (Vesely, 1985; Busrewil and Suwesi, 1993; Peregi et al., 2003 and 
Less et al., 2006). The AHVP has been divided into the Al Haruj al Aswad 
Subprovince (AHAS) in the north and the Al Haruj al Abyad Subprovince 
(AHAB) in the south. 
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It consists of more than several hundreds of small lava shields and scoria 
cones forming linear vent systems indicative of volcanic fissures. Neogene 
sedimentary rocks in many locations in the AHAB were not covered by 
basaltic lava flows (Pacific Survey, 1979; Less et al., 2006). 
 
However, the lava flows of the whole AHVP have been classified by Busrewil 
and Suwesi (1993) into six major volcanic phases or groups and each 
volcanic phase was subdivided into subphases (Fig. 2.6). There are several 
criteria that can be used to differentiate between volcanic phases  as follows; 
(i) colour variation and morphological characteristics of the basaltic lava 
flows observable on Landsat images together with aerial photographs of 
different scales, (ii) drainage pattern and density of basaltic lava flows 
detectable on multispectral Landsat images and on the aerial photographs, 
(iii) degree of weathering  of basaltic rocks, (iii) sequence of superposition of 
the lava flows, (iv) morphological and lithological characteristics observable 
in the field,  (v) K/Ar age method and palaeomagentic measurements (Table 
2.1) (Busrewil and Suwesi, 1993;  Peregi et al., 2003; Peregi et al., 2006). 
Each volcanic phase has certain period of time and specific characteristics in 
the field and on multispectral satellite imagery that can be used to identify it 
(e.g., Fig. 2.2a, b).  
 
The average total thickness of basaltic rocks in the central parts of the AHVP 
does not exceed 150 m and gradually decreases to several meters in the 
margins, based on measurements in various parts of the province. The 
average accumulated thickness is much small compared with areal 
distribution of the volcanic flows (Pacific Aero Survey, 1979; Peregi et al., 
2003). Figure 2.6 showing the areal distribution and order of the six main 
volcanic phases in the AHVP from the late Miocene to Holocene. The 
division of the volcanic phases is based on the above listed criteria that have 
been carefully used by Busrewil and Suwesi (1993), Peregi et al. (2003), 
Less et al. (2006) for mapping the entire AHVP. The area of each volcanic 
phase has been calculated during this study by using ArcGIS 10.1 along with 
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detailed published geological maps as a baseline. Subsequently, the volume 
for each volcanic province crudely estimated based on the average 
maximum thickness for each individual volcanic phase in the field (Busrewil 
and Suwesi, 1993; Peregi et al., 2003; Peregi et al., 2006) (Fig. 2.6b, c). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5. Photograph showing kipuka formed in-between the lava tongues. 
The depression is covered by thick argillaceous, aeolian and fluvial sediments 
of mostly silt and sand with common mud cracks as seen in the up right 
corner. The view is to the west.   
 
The production rate of eruptive materials at the AHVP has generally declined 
over time from the end of Miocene up through Holocene. More specifically, 
around 231 km3, erupted (volcanic phase I) during the late Miocene - early 
Pliocene, while only 11.5 km3 erupted (volcanic phase VI) during late 
Pleistocene-Holocene. Hence the decrease in lava production over time is 
evidently sizeable, and may be greater than that indicated in Fig. 2.6. In 
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addition, most of the previous studies on the AHVP (e.g., Peregi et al., 2006; 
Bardintzeff et al., 2012) suggest that the primary magma derived from a 
common  parental source with different degrees of partial melting. Further 
detail about the lava coverage decrease with time is covered in Chapter 6. 
Despite, the AHVP representing one of the largest among volcanic provinces 
in North Africa with an area of approximately 42,000 km2, modern 
investigations are relatively few, and most of the literature has been 
produced in relation to regional mapping primarily because of the relatively 
difficult ground-access to this region.  
 
Nonetheless, the origin and volcano-tectonics of the AHVP are debated and 
various interpretations based on geochemical data are available. Until now 
the existing models have been mostly centred on two hypotheses. Some 
authors consider the region to be a hotspot mantle plume beneath the 
region. By contrast, other authors completely rule out the mantle plume 
theory. For example, Klitzsch (2000) suggests that the magmatism of the 
AHVP resulted from tension produced by reactivation of three major 
structural elements which are NW–SE trending Palaeozoic (South Al Haruj 
Uplift), the NE–SW trending Tibesti – Sirt uplift (Hercynian Orogeny) and the 
continuation  of the Cretaceous – Tertiary Hun graben (Fig. 2.1). In contrast 
to other volcanic provinces in Libya, these three tectonic elements played a 
significant role in geological development of the Al Haruj volcanic province. 
This most likely account partly for the large size of the AHVP compared to 
the sizes of the other volcanic provinces in Libya (Farahat et al., 2006).  
 
The primary magmas are considered to have been produced as a 
consequence of lithospheric delamination. The primary magmas derived 
from the mantle commonly never undergo fractional crystallisation, 
assimilation, or magma mixing that would yield high Mg values (>0.7), high 
Ni (>1000 ppm), high Cr (>400-500 ppm) and low SiO2 < 50% (Wilson, 
2007). Therefore, the primitive magmas can be considered as representative 
original mantle.  Nixon et al. (2011) inferred from new geochemical database 
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in the AHVP that the primary magmas were originated at depths of 70 and 74 
km for tholeiitic and alkali magmas.  The primary magmas ascend through 
the mantle by porous flow (Scott and Stevenson 1986). Subsequently, they 
are normally accumulated at the Moho discontinuity as a pool or puddle to 
form magma reservoir. The primary magmas at this place were then 
undergone to fractional crystallization that led to reduce Mg concentrations in 
the melt. The magma types are generally defined mainly based on the silica 
content (SiO2) into (i) mafic (SiO2 ≤ 53%), (ii) intermediate (SiO2 ≤ 63%) and 
(iii) felsic magma (SiO2 > 63% to 70%). These differences in silica content 
are directly related to differences in temperature, viscosity as well as gas 
content (Winter, 2010). 
 
The primary magma in the AHVP may be associated with the rifting of the 
Sirt Basin, inducing low degree partial melting at depth in the upwelling 
asthenosphere. The degree of partial melting in the mantle  is important so 
as to determine the type of magma is produced (Wilson, 2007), since  Nixon 
et al. (2011) concluded from new geochemical data that the primary magma 
in the AHVP are produced at partial melt of 13.5% and 18.9% for tholeiitic 
and alkali magmas, respectively. The discrete volcanic phases in the AHVP 
might be corresponded to periods of rejuvenation of pre-existing fault system 
in response to late Tertiary extensional tectonic events that most likely 
related to Africa-Eurasia convergence (Cvetkovic´ et al., 2010). 
 
Busrewil (1996) inferred from the aerial distribution of more recent lava flows 
(volcanic phase V and VI) along NW–SE and NE–SW and from alignment of 
shield volcanoes along with scoria and spatter cones that the AHVP is 
probably related to the intersecting fault system of Dur al Qussah and 
prolongation of Hun graben. Therefore, the rising magma may have 
propagated along the planes of the weakness at the crossing of these two 
main tensional structural elements. Thus, the pre-existing basement faults 
may have played a major role in the tectonic evolution of the AHVP and the 
whole Gharayn – Tibesti volcanic provinces.  
Chapter 2: Literature review 
 
27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Geological map of the Al Haruj Volcanic Province (AHVP) showing 
the distribution of the major six volcanic phases, volcanoes (including shield 
volcanoes and scoria cones) as well as structural elements that inferred by 
integrating satellite imagery with the existing geological maps (modified after 
Woller, 1984; Vesely, 1985; Busrewil and Suwesi, 1993; Peregi et al., 2003; 
Less et al., 2006). 
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Alternatively, model of mantle plume has been supported by some studies 
beneath the Al Haruj region (e.g., Hegazzy, 1999). He suggests that the 
origin of Libyan magmatism, along the NNW–SSE linear trend of Libyan 
volcanic provinces and their decrease in age from NNW toward SSE 
direction is due to motion of the region over a fixed mantle plume that led to 
systematic change in the location of volcanism throughout Libyan territory 
with time from northwest at Ghyaryan Volcanic Province (GVP) to extreme 
southeast at the Nuqay Volcanic Province (NVP) at Libyan – Chadian border 
(Fig. 2.1).  However, the structural and magmatic patterns of these volcanic 
provinces are thought to be complex and episodic for such simple model to 
work (Farahat et al., 2006). Besides, Burk (1996) proposes that North African 
intraplate volcanism is related to mantle plumes in the underlying 
asthenosphere. Ebinger and Sleep (1998) suggest that nearly all of the 
volcanic activities in North and Central Africa such as Darfur, Tibesti and 
Cameroon are most likely associated with the Afar plume, since plume 
materials flowing laterally beneath the lithosphere and feeding these volcanic 
edifices (Azzouni-Sekkal et al., 2007). But the relatively low magmatic 
temperature that has been obtained through the studied peridotite xenoliths 
(spinel lherzolites) ( Peregi et al., 2003; Less et al., 2006) from the Al Haruj al 
Abyad Subprovince, do not support the presence of a mantle plume 
underneath  the Al Haruj region but  It rather suggests  the existence of 
relatively cold lithosphere. 
 
Furthermore, the tomographic model of Lie´geois et al. (2005) also does not 
support existence mantle hotspots beneath Libyan volcanic provinces. This 
model assumes that the shallow mantle is warmer with melt fractions at 
depths between 100 km to 150 km. This estimated depth is in good 
agreement to the depths of 80-150 km reported from geobarometry  and 
isotopic studies on Al Haruj and Waw an Namous lavas and lithospheric 
mantle xenoliths (Bardintzeff et al., 2012). The relatively low 3He/4He isotope 
signature of Gharyan xenoliths in particular and the Cenozoic volcanic rocks 
of NW Africa in general suggest that the sublithospheric component of the 
erupted magmas originates within the upper mantle (Pik et al., 2006; 
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Beccaluva et al., 2008). Farahat et al. (2006) have mentioned that the Libyan 
is most likely related to the large Afro–Arabian rift system that extends from 
Turkey to Mozambique. This rift system is thought to have developed 
episodically rather than continuous.  Radiometric age dating of the eastern 
rift in Kenya has been evolved in three major pulses from Eocene (44–38 
Ma), Middle Miocene (16–11 Ma) and Pliocene to Holocene (5–0 Ma).These 
timespans are generally contemporaneous with ages of Libyan volcanic 
activity; for example, the AHVP correspond to the third episode whereas 
Gharyan volcanic province was contemporaneous with whole three 
episodes.  
 
Peregi et al. (2003) have inferred that it is extremely difficult to decide 
whether or not AHVP was related to the extension of lithosphere passive 
rifting or active rifting associated with upwelling mantle plume. The primitive 
mantle normalized multi-element patterns of most of these mafic rocks are 
highly enriched in incompatible trace elements, similar to within plate basalts, 
particularly oceanic island basalts (OIB) spectrum (St Helena-type) which 
represent basaltic melts an enriched asthenospheric mantle source, most 
likely associated with uprising mantle plume (Asran and  Aboazom, 2004). 
St. Helena is formed by mantle plume similar to that of many volcanic 
islands, such as Hawaii. This type of volcanism is long-lived (tens to 
hundreds of thousands of years) and characterised by steady eruption 
though volcanic conduits resulting in the formation of composite 
stratovolcanoes (polygenetic volcanism). The average total thickness of 
lavas is much larger than the area distribution of volcanic flows. By contrast, 
the origin of volcanism at the   AHVP may be related to lithospheric 
stretching due to rifting of the Sirt Basin that produce small eruptive volumes 
over a short period of time to form only scoria cones or small lava shields 
(monogenetic volcanism). Hence the average sequence thickness in the 
AHVP is much smaller than the areal distribution of the volcanic flows as 
already mentioned. Farahat et al. (2006) also postulated that the linear trend 
of the Libyan volcanism and their decrease in age from NNW towards SSE is 
highly probably related to variations intraplate extensional field stresses. 
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Continental rifting is commonly associated with asthenospheric upwelling 
with high heat flow, but there is some argument as the mechanism involved.  
 
The structures have been observed by Cvetkovic´ et al. (2010) in the AHVP 
are most likely related to the late evolution of the Sirt Basin during Paleocene 
to Miocene, producing rejuvenation of pre-existing structural element from 
the Tibesti-Sirt environment in response to convergence of African and 
European plates that are characterised by NE–SW tension and 
perpendicular compression. It seems to have partially controlled the volcanic 
activity in the Al Haruj region. Yahiaoui et al. (2014) suggest that the Al Haruj 
- Waw an Namous region would represent the eastern border of the Murzuq 
craton where the In-Ezzane volcanic field, in Algeria, is situated in the same 
framework on the western border of the Murzuq craton at the triple junction 
of Algeria, Niger, and Libya, as evidenced by their similar isotopic signatures 
(Bardintzeff et al., 2012). Therefore, those volcanic fields represent similar 
mantle domain within the circum cratonic mantle lying beneath the Murzuq 
craton. Furthermore, Stuart et al. (2014) have inferred from new geochemical 
and isotope data from four main volcanic provinces of Libya that the 
locations of these volcanic provinces have not changed systematically with a 
time in a way that is suggestive of plate motion over fixed mantle plume. 
Therefore, the Neogene volcanism up through recent time seems to be 
related to reactivation of pre-existing structures that have been resulted in 
response to approaching of Europe and Africa since Jurassic time. 
 
To sum up, volcanic activities in the AHVP has been periodic with difference 
in their duration indicating that the volcano-tectonics is mainly controlled by 
reactivations of pre-existing fault systems during Neogene time. Therefore, it 
has commonly believed that extension and shear fractures enhance volcanic 
activity (Fig. 2.7) (Le Corvec et al., 2013). In addition, the more recent lava 
flows (volcanic phase V and volcanic phase VI) have been cutting by a NW–
SE set of faults that indicate the reactivation of these faults obviously 
Chapter 2: Literature review 
 
31 
 
postdated the volcanic activity in the AHVP. It can be suggested the 
basement faults are still tectonically active (Busrewil et al., 1996). 
 
2.2.3 Previous Investigations of the AHVP 
 
Many authors have been studied and reported on the different occurrences 
of basaltic rocks in this province, some of who provided remarkably useful 
information (Peregi et al., 2003; Less et al., 2006). It is important to mention 
that most previous studies of the AHVP were based on separated studies 
discussing the northern subprovince (the Al Haruj al Aswad Subprovince) 
and southern subprovince (the Al Haruj al Abyad Subprovince) as 
independent provinces which make the volcano-tectonic evolution of the 
whole AHVP ambiguous.  
 
The first geological reference to the AHVP commenced by Hornman (1802) 
who mentioned the presence of basaltic lava flows and volcanic cones. He 
gave brief account of the Black Mountains existing in the central part of Libya 
while Palaeozoic in southernmost of Libya had been studied by Overweg 
(1851). Further data have been added by later geologists (Busrewil and 
Suwesi, 1993). The first authentic geological maps in the regional scale of 
the central and southern parts of Libya and a more detailed field works were 
carried out during 1930s and 1940s (during Libya was colony under Italy), 
mainly by Italian geologists under the supervision of Desio (1934, 1936, 
1937). He undertook a geological reconnaissance trips to parts of the Al 
Haruj (Al Aswad and Al Abyad) and highlighted the youthfulness of lava flow 
east of Al Fuqaha town and stressed their similitude to Etna effusive. 
Subsequently, Bellair et al. (1952) gave a brief geological description of this 
relatively remote region and identified two episodes of basaltic activity, both 
of which were assumed to be post-Oligocene based on morphological 
features of lava flows and cross cutting relationships with Oligocene host 
rock. The earlier episode produced a broad lava plateau, whereas the later 
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activity gave rise to a series of shield volcanoes and scoria cones that mostly 
concentrated in the central and southern parts of the AHVP (Peregi et al., 
2003; less et al., 2006). 
 
2.2.3.1 Volcanic phases and age dating of the AHVP 
 
The first attempt to distinguish individual basaltic lava flows within the AHVP 
was made by Klitzsch (1967, 1968). He established the first comprehensive 
division of the different lava flows and recognized six major and a minor 
basalt lava flows on the basis of remote sensing in conjunction with several 
reconnaissance field trips. He also mentioned that the basaltic lava flows 
were produced episodically rather than continuously. The preliminary 
geological map of the AHVP was produced by complementary of aerial photo 
mosaics of scale 1:250,000 using indices like the surface appearance of the 
basalt flows, development stage of the drainage system with morphological 
of lava flow in the field (Peregi et al., 2003). Assaf et al. (1973) provided data 
on the radioactive materials in the Precambrian granite rocks of the Dor el 
Qussah inlier west of the AHVP using scintillometer. The scintillometric 
measurements were done by trenching and pitting in the anomalous areas, 
but they found only minor precipitations of radioactive materials.   
 
In general terms, the basaltic rocks of the Al Haruj volcanic field occur with 
time span running from the late Miocene to late Pleistocene according to age 
dating by number of authors in the period from 1974 to 2012 (Table 2.1). 
Nixon et al. (2011) suggest that the Al Haruj volcanic activity lasted until pre-
historic time or until 3.2 ka. Excellent preservation of inflation features, such 
tumuli and lava rises for last volcanic phase (phase VI) strongly supported 
their results. In addition, Busrewil et al. (1996) suggest that the volcanic 
activity commenced in the late Miocene and extended up to the pre-historic 
time, where more recent lava flows (volcanic phase V and phase VI) must 
have been post-Neolithic in age due to field studies indicating both of these 
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phases did not use of pre-historic sites and thus most likely erupted after 
Neolithic age. Rocks from the older lava flows (volcanic phases I, II, III and 
IV) were widely employed as Neolithic stone weapons. The age dating 
results indicate that the volcanism of the Al Haruj region is contemporaneous 
with the last distinct basaltic phase of the Al Gharyan volcanic province and 
with In-Ezzane volcanic district (Yahiaoui et al., 2014) and with the second 
volcanic event of Nuqay Volcanic Province (Radivojević et al., 2015) as well 
as with Tibesti Volcanic Province (Deniel et al., 2015).  
 
The first radiometric age dating of the mafic rocks from the Al Haruj province 
has been done by Pesce (1966), who considered  them as being from late 
Pliocene  (3.6-2.5 Ma) based on K/Ar determination. Subsequently, Ade-Hall 
et al. (1974) used similar method accompanied with palaeomagnetic 
measurements indicating that the volcanic activity started in late Miocene 
and lasted until the end of Pleistocene (6-0.4 Ma), with most of the lava flows 
presently exposed being younger than Pliocene (Less et al., 2006). Busrewil 
and Wadsworth (1980; 1983) published first crucial data on geochemistry 
and petrology of the basic volcanic rocks of the Al Haruj al Aswad 
Subprovince. They inferred that the volcanic rocks belonging to the alkali 
association ranging from olivine basalt to hawaiite of the alkali series. 
Furthermore, they also provided works on tectonic setting of the different 
rocks representing different volcanic phases. From the 1980s until the 
beginning of 21th century a number of new a systematic regional maps and 
booklets have been published by Industrial Research Centre (IRC), Tripoli, 
as part of the programme of regional mapping of whole Libya of 1: 250,000 
scale. These publications are considered as most recent and best studies on 
the AHVP (Table 2.1). 
 
Woller (1984) has provided a geological map and booklet on the 
southwestern part of the Al Haruj al Aswad Subprovince, and showed that 
the volcanics span the range from alkaline to hawaiite. Vesely (1985) later 
identified three lava flows (F0, F1, F2) existence in the northernmost part of 
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AHAS and most of them are classified as transitional or mildly alkaline 
basalts (hypersthene and olivine-normative). K/Ar radiometric determination 
on the earliest lava flow package (F0) gave age ranging from 8–6.7Ma. 
Corresponding to the Tortonian-Messinian. Himmali and Oun (1991) studied 
two suites of basaltic rocks, from northernmost of the AHVP, derived from a 
mantle source with variable depth and degrees of partial melting. This 
magma was contaminated during residence in the crustal magma chamber. 
Oun et al. (1998) studied geochemistry, petrology and tectonic evolution of 
the Dor el Qussah basement inlier west of the AHVP and they inferred that 
the timespan of Dor el Qussah granitoid complex is 550-580 Ma, that is, at 
the end of the Pan-African orogeny.  
 
Relatively modern and more comprehensive volcanic eruption scheme for 
the Al Haruj al Aswad Subprovince (AHAS) established by Busrewil and 
Suwesi (1993), based on the study of the basaltic  rocks in the central part of 
the AHVP. They divided the lava flows into six major volcanic phases as 
mentioned above. Furthermore, Al Haruj al Abyad Subprovince (AHAB) has 
been investigated by Peregi et al. (2003) who adopted similar principle of 
Busrewil and Suwesi (1993). In addition, they considered age dating for 
major volcanic phases based on K/Ar age determination combined with 
paleomagnetic measurement. They show that the volcanic activity continued 
from 5.27 Ma to about 0.5 Ma, corresponding to a time-span from early 
Pliocene to late Pleistocene (Table 2.1). Furthermore, the basaltic rocks 
have high MgO value >7%  suggesting only a small degree of magma 
differentiation and slow ascent of the magmas from their mantle source 
regions  as evidenced by the absence of  ultra-mafic xenoliths in these lavas. 
The main volcanic eruptions of the AHVP are presented in the simplified 
geological map in Figure (2.6). The composition of the individual lavas is 
rather uniform cannot be distinguished using petrology and geochemistry 
alone (Peregi et al., 2003; Less et al., 2006).  This volcanic province is 
enormous size due to dominantly extruded from both thousands of feeding 
fissures and central volcanoes (Busrewil and Suwesi, 1993). 
Chapter 2: Literature review 
 
35 
 
 Asren and Aboazom (2004) concluded that the Al Haruj province vary from 
subalkaline  to alkaline within plate affinities and magma was derived by 
partial melting of asthenospheric mantle source. More evolved rocks such as 
trachyte and phonolite were not recorded in this region. They also 
demonstrated high field strength elements of mafic rocks have a 
resemblance to oceanic plateau basalts that is suggestive of mantle plume 
source. Nemeth et al. (2003) point out that the eruptive phase of most 
volcanic cones and some shield volcanoes at the Al Haruj al Abyad 
Subprovince are characterised by Hawaiian-style lava fountaining. They also 
mentioned coherent lava tubes situated on the flank of the shield volcanoes. 
The absence of evidence of chilling of juvenile fragments that seem to be the 
volcanisms of the Al Haruj al Abyad Subvolcanic (AHAB) existed in the 
terrestrial environment in an area of minimum water availability rather than 
phreatomagmatic origin.  
 
Martin and Nemeth (2006) suggest that the pyroclastic rocks have been 
preserved in the southwestern part of the Al Haruj al Abyad Subprovince 
(AHAB) indicating eruption with fountaining activity to Strombolian type 
eruptions and formation of scoria cones. In addition, some of the cones have 
relatively deep craters with low limbs resembling a maar structure. 
Consequently the magmatic fragmentation of the uprising melt changed to 
magma/water interaction which demonstrates the potential role of 
phreatomagmatism where leading to explosive events that have withdrawn 
the top of the volcanic cones and caused maar-like structure. In addition, 
Martin and Nemeth (2006) have given detailed analyses of deposits 
persevered on scoria cones in the AHAB and on their architecture.  So that 
they have classified the scoria cones in this region into four different types on 
the basis of their pyroclastic stratigraphy, an area surrounding cone, 
morphology of cone as well as its relationship with the kind of the preserved 
pyroclastic units which indicate that the variety in the eruptive styles and 
mechanisms during emplacement. The great diversity of scoria cones from  
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type (I) to type (IV) displays gradual transitions between Hawaiian lava 
fountaining to Strombolian type eruptions which reveal differences in bedding 
and grain sizes of pyroclastic units among scoria cones.  
 
Farahat et al. (2006) studied the mineral chemistry of the basic volcanic 
rocks in the western part of AHAS to evaluate the petrogenetic and 
geotectonic evolution of the province. They suggest that the tholeiitic basalts 
and alkaline basalts of this region represent pre-rift and rift stages 
respectively, whereas alkaline basalts created by a lower degree of partial 
melting than tholeiite of the common source but at greater depth. They 
mentioned that the olivine phenocrysts have fosterite content in the range 
75% to 80% or significantly lower than the FO content in peridotite and CaO 
content higher than olivine in peridotite. In addition, olivines contain spinel as 
inclusions. Hence, these olivine crystals are considered as phenocrysts 
rather than xenocrysts as implied by previous studies. Moreover, the 
temperature and pressure obtained in range from 750° to 1100° C  and from  
0.46 to 0.73 GPa, respectively, according to the compositions of  
clinopyroxene, Ti – Fe oxides, olivine spinel as well as oxygen fugacity.  The 
lower limit of temperatures seems to be very low, but Farahat et al. (2006) 
propose that the more evolved basalts may be produced at a relatively lower 
temperature.  
 
Nemeth et al. (2008) mentioned that tumuli are widespread in the Al Haruj al 
Abyad Subprovince (AHAB) and are very similar in form and structure as 
those identified in Iceland by Rossi and Gudmundsson (1996). They 
suggested lava supply rate of 1–5 m3/s in the Al Haruj al Abyad Subprovince, 
which is similar to the rate obtained in Iceland by Rossi and Gudmundsson 
(1996). The lava tubes are not recognised at the southern part of the AHVP 
but the alignments of tumuli propose the presence of narrow internal 
pathways within a hummocky flow (Self et al., 1998; Thordarson and Self, 
1998; Duraiswami et al., 2001; Bernardi et al., 2015). The distributary tube 
systems are used to transport lava to the distal parts of flow filed (Self et al., 
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1998; Glaze et al., 2005).   Moreover, Less et al. (2006) have mapped the 
southernmost part of AHAB and Waw Alkabier area, where they applied 
similar principles as previous researchers in order to divide basaltic lava 
flows into five volcanic phases and precise age determination for each 
volcanic phase since they used K/Ar and isochron together with 
paleomagnetic measurements. Measurements of age dating for five major 
phases gave age ranging from 7.94 Ma to 0.5 Ma for the formation of the 
volcanic rocks in the Al Haruj al Abyad Subprovince which correspond to late 
Miocene to Quaternary (Table 2.1). 
 
Cvetkovic et al. (2010) used conventional K/Ar method for dating the earlier 
five volcanic phases in the eastern part of the Al Haruj al Aswad 
Subprovince. The results revealed ages from around 5.4 Ma to 0.5 Ma. 
These results are consistent with age dating of Peregi et al. (2003) (Table 
2.1). The AHVP was formed by series of episodically volcanic events from 
the end of Miocene up through Holocene as is revealed by the 
characteristics of the lava flows in the field and on the multispectral satellite 
imagery. Each volcanic phase is marked by multi-flow basaltic lobes or units 
that may be produced by a multi-episode of a single eruption as lava flow 
field (cf. Thorardorson and Self, 1998).   
  
 
 
 
 
 
Table 2.1. Age dating of the AHVP throughout the last four decades based on 
the work many authors.  
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These rocks are mainly olivine transitional basalt and somewhat primitive 
rocks (MgO# values around 10%). The transition from tholeiitic to alkali 
basalts type have been clarified by many researchers which is well-
established in many  Oceanic Islands Basalts (OIBs) (e.g., Hawaiian Islands 
and Galapagos Islands) (Middlemost, 1975; Bardintzeff et al., 1994) . The 
term transitional basalt or mild alkaline is commonly used to describe rocks 
that are chemically intermediate between alkali and tholeiitic basalts on the 
basis of total alkali silica diagram (TAS).  There are other discrimination 
diagrams are suggested by Middlemost (1975) to distinguish between 
tholeiitic, alkali and transitional basalts.  Cvetkovic et al. (2010) have also 
mentioned that the trace element pattern of the Al Haruj volcanic province 
are alike to the pattern of  Oceanic Island Basalts  (OIBs) and generated by 
around 5% partial melting of garnet-bearing peridotitic source. But in the 
absence of isotope data, can only speculate on the role of crustal 
contamination on the evolution of the Al Haruj volcanic province (Cvetkovic 
et al., 2010). 
 
Bardintzeff et al. (2012) used unconventional unspiked K/Ar age dating 
method to obtain the age for two samples from extremely southernmost part 
of the Al Haruj al Abyad Subprovince (between the AHVP  and Waw Namus 
area). They found their ages of 8.1 and 0.2 Ma respectively. These ages are 
younger and older than previous age determinations. Moreover, they inferred 
that the basaltic rocks underwent to variable degrees of partial melting of 
mantle source with depth causative sources between 80 km to 150 km 
(within upper mantle) as already stated.  Abdel-al et al. (2013) classified the 
basaltic rocks in the AHAB into three major groups based on their trace 
elements concentration, each featuring different degrees of partial melting. 
Also they identified that many of dykes intersect the basaltic lava flows and 
Tertiary sedimentary rocks. These dykes mainly have NW–SE to NNW–SSE 
trending strikes which are parallel with major fault pattern in the Sirt Basin. 
Minority of dykes trend NNE–SSW to N–S and has acute angle to the first 
fault system. They also mentioned that there are many similarities between 
the AHVP and other intra-plate alkaline basaltic fields within the North Africa, 
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such as the western Shalate in SE Desert of Egypt and the volcanic rocks of 
Meidob in NW Sudan. Stuart et al. (2014) Have recently used new 
geochemical data (major, trace and Rare Earth Element, Sr-Nd-Pb isotopes 
ratios as well as cosmogentic 3He) on the basis of new regional basaltic 
database from various volcanic provinces in Libyan territory.  They inferred 
that evolution of the basalts (alkali to sub-alkali) was dominated by fractional 
crystallization with little evidence of crustal contamination. In addition, they 
concluded that basaltic magmas were generated by 5 to 15 % melts of 
heterogeneous sub-lithosphere mantle as well as Nd and Sr isotopic 
composition of the Al Haruj Volcanic Province and the Ghayran Volcanic 
Province (0.5128-0.51294 and 0.703-0.704) are similar to Etna and 
Pantelleria in southern Italy.  
 
2.3 Tibesti Volcanic Province (TVP) (late Miocene to Pleistocene) 
 
The Tibesti Massif or the Tibesti Mountains is located in the central Sahara 
desert, mostly in north-western Chad and extend into north-eastern Niger 
and southernmost Libya which covers an area around 100,000 km2 
(Permenter and Oppenheimer 2007; Deniel et al., 2015) (Fig. 2.8). It is a 
dome with elevations in excess of 3,000 m above the sea level with late 
Miocene to end of Pleistocene volcanic field in the southern half of the 
mountains and covers area an around 29,000 km2. The Tibesti Volcanic 
Province (TVP), at the north-western of Chad, is considered as the 
southernmost extension of the four main volcanic provinces in Libyan 
territory (Fig. 2.1). There are great differences between the Tibesti Volcanic 
Province and other volcanic provinces in regards to volcano-tectonics 
processes, the eruptive style, and production of volcanic materials despite 
that they are contemporaneous. The lava flows of Libya’s volcanism are 
generally predominated by alkali to transitional basaltic rocks with minor 
amount of phonolites and trachyte (e.g., Stuart et al., 2014; Radivojević et 
al., 2015). The TVP is almost entirely made of ignimbrites, trachyte  and 
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basaltic lava flows along with recent minor andesitic-trachyte (Deniel et al., 
2015).  
 
Despite the TVP is enormous and represents the second largest in size 
among the Tibesti – Gharyan volcanic provinces, very little is known about it 
due to inaccessibility because of a series conflicts at Libyan – Chadian 
border, since 1979 to 1989 between Libyan and Chadian forces and remains 
extremely hazardous for ground-based expedition, even at present. 
Therefore, most of the literature dates back to the early fifties to the 
seventies, for example Wacrenier et al. (1958); who established the first 
geological map. Subsequently, Vincent (1960, 1963, and 1970) provided 
critical data on the geology and structure of the Precambrian Tibesti massif, 
where he divided the Precambrian basement underlying the TVP into Lower 
Tibestian in the eastern part and Upper Tibestian in the western part. He 
classified the volcanic units in the TVP into plateau volcanism, central 
bimodal volcanoes and shield volcanoes and estimated volume of plateau 
volcanism is around 10,00 km3. He also classified collapse caldera into (i) 
classic collapse calderas and (ii) pesudocalderas associated with elevated 
domes. Subsequently, Malin (1977) inferred from remote sensing data that 
the large volcanoes  within the Tibesti mountains (e.g., Emi Koussi)  are 
comparable Elysium Mons and the Martian volcanoes (e.g., Olympus Mons 
and the Tharsis Montes) and he concluded that the sources of magma for 
these volcanic provinces are stationary relative to the surface (Permenter 
and Oppenheimer 2007). Furthermore, the modern studies on this 
fascinating volcanic region are also still very few and sparse commonly by 
Guiraud et al. (2000); Gourgaud and Vincent (2004); Permenter and 
Oppenheimer (2007); Deniel et al. (2015).  
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2.3.1 Main volcanic units at the Tibesti Volcanic Province 
 
In the Tibesti mountains, a large volume of late Miocene – Pleistocene 
volcanic rocks (TVP) is exposed in the southern part and have been 
classified into five main volcanic units by Deniel et al. (2015), based on field 
relationships, volcanological, geochronological data and petrological, as 
follows (Fig. 2.8); i) Plateau volcanism (17– 8 Ma) consists of alkaline olivine 
basalt lavas covering area about 29,000 km2. The basalt lavas are 
associated with trachytic to phonolite plugs.  This volcanic unit represents the 
oldest volcanic rocks in the TVP and plateau volcanism (17– 8 Ma) in the 
TVP overlaps in time with basaltic lavas of the As Sawda Volcanic Province 
(16-8 Ma), central Libya (Ade-Hall et al. 1974; Woller and Fediuk 1980; 
Bardintzeff et al., 2012). ii) The main volcanism spreads toward central part 
of the province at the end of Miocene or between 8 and 5 Ma, forming four 
large compositionally similar bimodal volcanic centres (Yega, Oye, Toom and 
Tieroko) (Fig. 2.8). Those central volcanoes are exposed over an area about 
2.700 km2 and form an eroded plateau. Each central volcano consists of two 
distinct stages. The first stage consists mainly of basaltic lava emplaced at 
the margins while the second stage consists of rhyolites lava flow formed at 
the core (Deniel et al., 2015). This volcanic unit was followed by iii)   three 
major calderas respectively and produced of three large ignimbritic 
volcanoes (> 100 km3) as follows; Voon caldera (7–5 Ma), Emi Koussi 
caldera (2.4–1.33 Ma), and Yirrigue caldera (0.43 Ma) (Deniel et al., 2015). 
iv) The recent basaltic volcanism resuming again after initial basaltic plateau 
(volcanic unit a) at 7–5 Ma to 0.43 Ma which produced scoria pyroclastic 
cones and lava flows. This volcanic unit is apparently consistent with age 
and composition of the volcanic phases at the Haruj Volcanic Province 
(AHVP) (Table 2.1). 
 
Some of the basaltic activity occurred along rims of calderas and interior of 
the calderas. However, each major caldera-forming episode coincided with 
existence shallow crustal magma chamber, the initiation of mafic volcanism 
around the rim of caldera and migration of the focus of further ignimbrite to 
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other places of the Tibesti region due the local stress field associated around 
the old magma chamber is not favourable to feed it from deeper magma 
reservoir. This local stress field (compressive stress) generated due the up-
doming at the lower crust or crust-mantle boundary (magma accumulation). 
In turn, the new magma chamber would be formed on either or both sides of 
the old magma chamber. This mechanism will discuss in detail in the chapter 
(9).  v) Last volcanic activity within the TVP has been observed at rim of 
Yirrigue caldera in the Tarso Tosside Volcanic Complex and produced 
andesitic-trachyte (100 ka). This volcanism as well as Tarso Tousside and 
Emi Koussi fumarole are considered as potentially active 
(www.volcano.si.edu; Permenter and Oppenheimer, 2007).  
 
The basement rocks underlying the TVP were emplaced during the Late 
Precambrian (Pan-African orogeny), accompanied by intense deformation, 
shearing and metamorphism and subdivided into the Lower Tibestain (T1) 
and Upper Tibestain (T2) which are separated by unconformity or contact 
(Fig. 2.8). The former basement unit is exposed in the eastern part and made 
up of high-grade metamorphic rocks while the latter basement unit consists 
of low-grade metasedimentary rocks (Deniel et al., 2015). It was followed by 
post-orogenic magmatism until the early Cambrian intruded by different types 
of granites and elucidated as the early manifestation of the Caledonian 
orogeny (Klitzch, 2000; Peregi et al., 2003, Deniel et al., 2015). The 
Caledonian orogeny was accompanied by the formation of the NW–SE 
trending extended as much as more than several hundred kilometres, such 
as Tripoli – Tibesti Uplift that is subparallel to the Al Haruj Uplift and among 
others. The TVP is also influenced by perpendicular structures during the 
Hercynian orogeny (late Jurassic – early Cretaceous) were superimposed 
over the earlier Pan-African system (Fig. 2.8). The NE–SW striking Sirt – 
Tibesti uplift (Sirt Arch) has been formed during this period. The elevated 
Precambrian of central Sahara was actively eroded during most of the 
Palaeozoic and produced a large volume of clastic materials and 
subsequently largely formed the Palaeozoic hydrocarbon reservoirs in the 
Murzuq Basin, SW Libya (Peregi et al., 2003). Deniel et al. (2015) suggest 
that the volcano-tectonic in the TVP was influenced by two tensional lines, 
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namely, the great NW–SE Tassilian flexure to the southwest and a major 
NE–NE Yebbigue fault zone to the east. They are obviously consistent with 
two orthogonal regional structures elements that were interpreted by Woller 
and Fediuk (1980) (Fig. 2.1). 
 
The present distribution of the main volcanic units on the TVP is given in 
Figure (2.8). It is only a guideline to whole the volcanic province which 
involves delineation of different types of volcano-tectonic elements together 
with their assignment to the relevant volcanic events. Consequently, we will 
build up the present work according to this comprehensive and concise 
division was provided by Deniel et al. (2015). Nevertheless, the other three 
volcanic provinces (Gharyan, As Sawda and Nuqay) in Libya are beyond 
scope during the present work so that they are briefly summarised as 
follows; 
 
2.4 Gharyan Volcanic Province (GVP) (late Miocene to Pleistocene) 
 
Gharyan volcanic province is the smallest among the five main volcanic 
fields (Fig. 2.1), and form generally continuous sheet in the central part of 
Jabal Nafusah which has been active from the late Miocene to late 
Pleistocene and lies at the intersection of two major structural elements; the 
NNW–SSE trending Tripoli – Tibesti Uplift axis formed in the early 
Palaeozoic and the E–W trending Nafusah Uplift formed during the late 
Palaeozoic to Mesozoic time (Fig. 2.1) (Goudarzi, 1980; Busrewil and 
Suwesi, 1993). 
 
This volcanic field made up of three distinct phases, an early unit of large 
plateau lava eruption has hypersthene-normative (tholiite), subsequently the 
second phase of small phonolitic domes and trachyte, and finally a 
rejuvenation volcanic phase was characterized by basanitic composition 
(Almond et al., 1974; Al-Hafdh and Jafeer, 2014). The modern age dating for 
the major pluses of basalt volcanism in this volcanic province using 
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(40Ar/39Ar) chronology by Saurt et al. (2014) indicates that the basaltic rocks 
were produced over 6 Ma to 2 Ma which is contemporaneous with the 
volcanism in both the Al Haruj and Naquy volcanic provinces (from the end of 
Miocene to Pleistocene). In addition, they inferred that phonolites were 
produced over short period time at 8.1 Ma, alternatives to previous age 
determinations that were 40 – 50 Ma (early to middle Eocene) (e.g., Almond 
et al., 1974; Busrewil and Wadsworth 1980). Therefore, the new age of 
phonolites age is also simultaneous with the volcanism of Gharyan –Tibesti 
volcanic provinces. Mechanical interaction between them during active time 
may encourage s volcanic and tectonic events, seismogenic faulting, and 
dyke sharing between volcanic provinces.  
 
2.5 As Sawda Volcanic Province (SVP) (Miocene) 
 
The As Sawda or Sawda is situated in the westernmost of the Sirt Basin at 
the intersection of the early Palaeozoic the Al Haruj Uplift with the late 
Palaeozoic to Mesozoic Al Qarqaf Uplift (Woller and Fediuk, 1980) (Fig. 2.1). 
This volcanic province covers an area approximately 5,902 km2; probably 
this figure is underestimation due to lack of detail geological map about it 
compared with the other volcanic provinces. Further to the SW of As Sawda 
volcanic field, the location of the small volcanic field of Jabal Al Hasawinah is 
tectonically related to the Tertiary reactivation of two intersecting major 
elements in southern Libya, early Palaeozoic NNW–SSW Tripoli – Tibesti 
Uplift and the Hercynian ENE–WSW, Al Qarqaf Uplift. 
 
This tectonic movement developed in the evolution of two neighbouring 
structural domes on N–S axis (namely Wadi Bardan and Wadi Darman 
domes), in cores of which the basement granite of Pan-African Orogeny is 
exposed (Busrewil and Oun, 1991). However, the volcanic rocks of As 
Sawda consist of alkaline and tholeiite basalts along with minor  phonolitic  
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Figure 2.8. Simplified geological map of the Tibesti Volcanic Province 
showing the distribution of the five main volcanic units and tectonic 
framework. The dashed red box in the inset map shows the location. Three 
collapse calderas are indicated by pale yellow  (colour with associated large 
volume of ignimbrites (> 100km3) that are aligned NW-SE linear trend. While 
three bimodal central volcanoes are marked by pink colour that are extended 
NE-SW trend along Yebbigue major fault.  Scoria cones are indicated by red 
spots. The Precambrian rocks were divided into the Lower Tibestain (T1) and 
Upper Tibestain (T2). (modified from Permenter and  Oppenheimer, 2007; 
Deniel et al., 2015). 
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rocks and have timespan between 16 and 8 Ma (Ade-Hall et al. 1974; Woller 
and Fediuk 1980), while Jabal Al Hasawinah made up of basalts and 
basanites, trachytes and phonolites being subordinate, which are dated 
between 24.9 and 15.7 Ma (Jurak 1978). The new age dating of basaltic 
rocks of Jabal Al Hasawinah and As Sawda inferred that erupted between 23 
Ma and 10 Ma (Saurt et al., 2014). 
 
2.6 Nuqay Volcanic Province (NVP) (Middle Miocene to Pleistocene)  
 
This volcanic province consists of two main volcanic events. The first event 
occurred from the middle Miocene up to the Pliocene and produced mainly 
alkaline to sub-alkaline basaltic rocks (tholeiitic) while the second event 
extends from late Pliocene up to Pleistocene time which produced basanite 
spatter to scoria pyroclastic cones and subsidiary flow-lobes lava flow 
(Radivojević et al. 2015). The second volcanic episode is apparently 
consistent with age and composition of the main volcanic phases of the Haruj 
Volcanic Province (AHVP). However, the NVP covers an area around 11,655 
km2 and considered as the third largest among Gharayn –Tibesti volcanic 
provinces. New geochronology data during the last few years show that 
volcanism in Libya was to a degree contempoareous, that is, overlapped, 
during certain periods of time in three of the provinces (Nixon et al., 2011; 
Bardintzeff et al., 2012; Stuart et al., 2014; Radivojević et al., 2015). Before 
these geochronology data, it was generally believed that volcanism in Libya 
showed a gradual decrease in their age from the northwest, namely the 
Gharyan Volcanic Province, towards the southeast, that is, to the Nuqay 
Volcanic Province (e.g., Hegazi, 1999).  
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2.7 Geometry and morphology of fractures 
 
The Al Haruj Volcanic Province (AHVP) is thought to have been produced by 
hundreds of feeding fissures and dyke (Busrewi and Suwesi, 1993; Busrewil 
et al., 1996; Busrewil, 2012). Most of these fissures and dykes are now 
covered by more recent volcanic phases (volcanic phase V & Phase VI) 
(Busrewil et al., 1996; Busrewil, 2012) (Fig. 2.6). Those extension fractures 
that have been recognised in the field, as well as on multispectral satellite 
imagery, are predominately located along the periphery of the main body of 
the volcanic field. Field and remote sensing investigations indicate that most 
of the lineaments in the AHVP are normal faults and extensional fractures 
(volcanic fissures and dykes) (Peregi et al., 2003; Less et al., 2006).  
 
The methodology used in the present study utilised a combination of existing 
geological maps and multi-source high-resolution remote sensing images. 
Satellite imagery available from Google Earth (GE) hosts high-resolution 
imagery (Potere et al., 2008) using a digital elevation model (DEM) data 
collected by NASA Shutter Radar Topography Mission (SRTM) with imagery 
resolution ranges from 15 meters to 15 centimetres. The volcano-tectonic 
analysis has been made using the latest satellite imagery available on GE 
over the studied areas. These images permit the location and precise 
mapping of volcanoes, dykes, volcanic fissures, lava rise plateaus, tumuli 
and faults in the frame of a Geographic Information System (GIS), as long as 
published geological maps are used as a baseline. This method is 
considered as a powerful tool for volcano-tectonic and physical volcanology 
studies when size, remoteness, arid and inhospitable field areas induce 
difficulties of ground-based access (Drury, 2001; Rajesh, 2004; Koch and 
Mather, 1997, Chorowicz and Deroin, 2003; Peña and Abdelsalam, 2006; 
Solomon and Ghebreab, 2008; Chen et al., 2014; Abdunaser and McCaffrey, 
2014; Chorowicz and Benissa, 2016). The Al Haruj Volcanic Province 
(AHVP) and the Tibesti Volcanic Province (TVP) certainly fall within this 
description.  
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 The areal distribution of each volcanic phase and lineaments interpreted as 
volcano-tectonic structures were measured using ArcGIS 10.1. The 
geometry of each lineament is defined by its strike, length and thickness or 
aperture (paleo-opening) (Gudmundsson, 2011). The definition of the main  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9. Schematic illustration of feeder dykes and arrested dykes. Feeder 
dykes are propagated from one free surface (magma reservoir) to another free 
surface (the Earth’s surface), as such they can be modelled as through 
thickness cracks (mode I). The strike dimension (L) is often larger than the dip 
dimension (R), thereby, dip is the controlling dimension. The arrested dykes 
are, conversely, modelled as partial through thickness cracks (mode I). Most 
dykes are usually arrested at depth due to differences in mechanical 
properties between various strata at the Earth’s crust (modified after 
Gudmundsson, 2015). 
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fracture pattern is acquired by analysing the azimuth frequency distribution of 
lineaments, lineament length and thickness distribution as well as lineament 
density (Wise et al., 1985; Zakir etal., 1999; Francesco and D’Orazio, 2003). 
Orientation and length of fractures including faults, fissures, and dykes, are 
extracted from satellite imagery and available geologic maps of the study 
area. These shear and extension fractures are mainly confined to areas 
where bedrock is not covered by lava flows or Quaternary sand dunes. The 
data are consequently grouped based on types and ages, and then the 
GEOrient software is implemented to plot the directions of fissures, dykes 
and shear fractures in a rose diagram. 
 
2.7.1 Magmatic overpressure during dyke emplacement 
 
Magma injects from a magma chamber or reservoir as a dyke and/or an 
inclined sheet, the geometry of which is governed by both the regional and 
local tectonic stress field (Le Corvec et al., 2013) (Fig. 2.9). The geometric 
and kinematic features of dykes are utilised as paleostress indicators 
(Nakamura, 1977; Nakamura et al., 1977; Zoback et al., 1989; Bosworth et 
al., 1992; Suter et al., 1992; Bosworth and Strecker, 1997; Chorowicz et al., 
1997; Paulsen and Wilson, 2009). Dykes are essentially extension fractures 
(mode I cracks) (Babiker and Gudmundsson, 2004). Therefore, the 
maximum principal compressive stresses 𝜎1 coexist parallel to the plane of 
the dykes whereas minimum compressive (maximum tensile) stress 𝜎3 is 
perpendicular to the plane of the dyke (Gudmundsson, 2011; Browning and  
Gudmundsson, 2015). A dyke propagates from its source when the condition 
of equation (2.1) is met at any points in the walls or roof of the magma 
chamber (Fig. 3.4) (Babiker and Gudmundsson, 2004; Gudmundsson, 2011); 
 
… 03 Tpp el                     …………………………………      …           (2.1) 
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where 
ep  is the excess pressure in the source of magma and lp  represents 
the lithostatic stress , and 
3 , 0T  are the minimum compressive principal 
stress and in situ tensile strength respectively. 
 
When dyke commences to transmit up to layers, its magmatic overpressure 
𝑃0 at the surface is given by (Gudmundsson, 2011); 
… dmreo ghpp   )(                                                   …………     (2.2) 
Here is 
r
  the average density of the host rock, m   is the average density of 
the magma in the dyke, g  is acceleration due to gravity, h  is the dip 
dimension and 𝜎𝑑  is the differential stress (the difference between the 
maximum principal stress 
1 and the minimum principal horizontal stress 3  
where dyke is observed (Kusumoto et al., 2013). The magmatic 
overpressure 
0p  depends on the excess pressure ep  in the magma chamber, 
on the buoyancy effect )( mr    as well as the state of stress of the host 
rock.  During volcanic eruptions, the overpressure 0p of the feeder dyke is a 
crucial constraint on the mechanism of the eruption, as it has primary 
influences on the volumetric or effusion flow rate throughout the associated 
volcanic fissure (Gudmundsson, 2011).  
 
Magmatic overpressures can be estimated from aspect (length/aperture) 
ratio of dykes and volcanic fissures making assumptions elastic behaviour of 
the host rock (Delaney and Pollard, 1981; Pollard and Segall, 1987; 
Kusumoto et al., 2013). Equation (2.3) proposes that magmatic overpressure 
during the dyke propagation is constant, as a first approximation, particularly 
when there is limited data as to the exact thickness of dykes and volcanic 
fissures (Becerril et al., 2013); 
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 
E
PL
u 0
212 
                                                                                        (2.3) 
where   represents Poisson's ratio of the host rock, E  is Young's modulus, 
u is the maximum opening  or thickness of the dyke, and  L  is dimension 
(horizontal length) of the dyke of the dyke which is related to its strike 
dimension (Fig. 2.9). The maximum opening is considered as the average 
aperture (thickness of dyke). Most dykes have relatively smooth and flat 
elliptical variations in their thickness (Becerril et al., 2013), andP0  is the 
magmatic overpressure in the dyke at its time of emplacement. When viewed 
from overhead it is clear that dykes and volcanic fissures largely appear as 
segments. These segments are modelled as a single fracture when tips of 
the fragments are separated by little space relative (≈10%) to the length (cf. 
Babiker and Gudmundsson, 2004). These segments behave mechanically as 
an individual continuous fracture (Fig. 2.10) (Gudmundsson, 2011). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10. Segments of dykes are modelled as a single dyke as the 
tips of the segments are separated by much less distance than the 
lengths. The length equals the total length of dyke segments (modified 
after Gudmundsson, 2011). 
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2.7.2 Mechanisms controlling the propagation of dykes  
 
Most eruptions on Earth are fed by dykes and inclined sheets, so 
understanding the mechanics of dyke and inclined sheet emplacement and 
propagation through the Earth's crust is important for a better of volcano-
tectonics processes. Development of models to explain how magma 
transports through the Earth’s crust have benefited from 3D seismic 
reflection data (Thomson and Hutton, 2004; Planke et al. 2005; Cartwright 
and Hansen, 2006; Hansen and Cartwright, 2006; Thomson and Schofield, 
2008; Sevensen et al. 2012; McClay et al., 2013; Holt et al., 2014). For 
example, sharp contrast horizontal continuous layers interpreted as magma 
can extend laterally for up to several tens of kilometres and form various 
morphologies such as concave-up and saucer shaped (Cartwright and 
Hansen, 2006; Hansen and Cartwright, 2006). Magma can also be 
transported as vertical features from the magma reservoir through fluid-
driven fractures (Clemens and Mawer 1992; Winter 2010; Holt et al., 2014) 
(Fig. 2.11a, b).  
 
The analysis and modelling of the spatial distribution of volcanoes and dykes 
at the AHVP during this study led us to a new interpretation of the dynamics 
of magma propagation of the AHVP. It is crucial to decipher the major 
processes and mechanisms that control dyke and an inclined sheet 
propagation. When dykes or inclined sheets propagate from magma source 
and meets contact (discontinuity), the fracture responds in one of four ways 
(Fig. 2.11c), the dyke penetrates the contact, propagates to the surface and 
form an eruption, 2) the dyke becomes arrested at the contact, 3) the dykes 
becomes deflected in one direction or 4) in two directions at the contact.  
Local stresses in rock layers partly control dyke propagation along a potential 
fracture path. Subsequently, the local stress relies on the mechanical 
properties of these strata, their contacts and other factors as will be 
discussed later in Chapter 5. 
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 Figure 2.11. Two models used to infer how magma transports from magma 
reservoir to feed eruptions. a) Horizontal model of magma propagation. This 
model supposes that most magma rises laterally through the Earth’s crust to 
form interconnected sills. b) This is a traditional model where magma uses 
vertical hydrofractures (dykes) and high angle faults as conduits to feed 
eruptions (Modified after Holt et al., 2014). c) Dyke only has four ways when 
meet contact/discontinuity. The dyke may I) become arrested; II) penetrated 
the discontinuity or become deflected to form sill either; III) in one direction; 
or IV) in two directions (modified after Barnett and Gudmundsson, 2014). 
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Chapter 3: Regional geology and tectonics of central Libya  
 
3.1 Introduction  
 
The plate tectonic history of Libya has been clarified over the last four 
decades during with intensive research in deep seismic profiling and deep 
drilling oil wells works which are being extended to the whole territory of 
Libya as a result of new subsurface data (Peregi et al., 2003; Less et al., 
2006).The tectonic development of North Africa generally involves an 
alternating of long periods of predominately gentle basins subsidence or 
rifting and short periods of compressional events (Klitzsch, 1970; Guiraud et 
al., 2005; Saadi et al., 2011). Libya, located at the north central margin of the 
African continent, developed over a platform of cratonic basins (Fig. 2.1). 
The major diastrophic disturbances include the Pan-African, Caledonian and 
Hercynian orogenies and disturbances also extended during Cretaceous, 
middle Tertiary, Oligocene through Miocene and Holocene time leading to 
produce major structural and tectonic features. However, the influences of 
the main tectonic events were generally broad, and compressional folds are 
not common (Goudarzi, 1980; Al-Heety, 2013; Chorowics and Benissa, 
2016). 
 
 In general terms, during the Palaeozoic and early Mesozoic the 
development tectonic of Libyan tectonics was controlled by the evolution of 
Gondwana and Pangaea. While through the late Mesozoic and Cenozoic 
times was governed by the evolution of Tethys and the Mediterranean Sea 
due to the North Africa situated on the leading edge of Gondwana (Hallett, 
2002; Peregi et al., 2003). Noticeable also were eustatic sea-level 
fluctuations associated with global climatic changes that played an important 
role in sedimentation cycles (Guiraud et al., 2005). The stratigraphic 
sequence from the Neo-Proterozoic to Quaternary allows reconstruction of 
the tectonic history and paleogeography of North Africa (Guiraud et al., 
2005). This chapter shall attempt to summarise hereafter the tectonic 
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evolution and paleogeographic of Libya and North Africa at large scale and 
pay special attention to the Sirt Basin domain, located in the central part of 
Libya. 
 
3.2 Late Precambrian to late Silurian (≈ 1300-422 Ma) 
 
The Rodinia supercontinent, during Meso-Proterozoic, was constructed by 
around twenty identifiable Archean and Palaeo-Proterozoic cratons (Hallett, 
2002). Subsequently, it started to break-up during the Neo-Proterozoic then 
reassembled again of the component plates into the new supercontinent 
called Pannotia (also known as the Vendian supercontinent) in the late Neo-
proterozoic. During this phase, cratonic blocks of western Rodinia was 
rotated clockwise and translated relatively towards the west whereas eastern 
Rodinia cratonic blocks were rotated anticlockwise direction and displace 
relatively eastwards (Hallett, 2002; Fig. 3.1). 
 
There was accompanied by a variety of processes, called Pan-African 
Orogeny, during which some of the Archean cratonic margins were extensive 
remobilised and frequently focused ascending magmas, leading to 
refertilisation of the subcontinental lithospheric mantle (SCLM) (Begg et al., 
2009). Components of North Africa were emplaced along shear zones which 
marked by a broad of collisional deformation (Less et al., 2006; Fig. 3.2). 
These deformations involve crustal reactivation, subduction, and production 
of granites and extensive displacement of crustal blocks. Most of the 
exposed basement of Libya and Tibesti massif at the northernmost of Chad 
has been influenced by these processes (Rogers, 1980). The acidic rocks of 
the Upper Tibestian in the western Jabal Tibesti, on Libyan – Chadian 
border, form part of this remobilised belt and the basement outcrops of the 
Dor el Qussah inlier west of the Al Haruj Volcanic Province and the small 
inliers of Precambrian metamorphic rocks on the Al Qaraqaf Arch belong to 
the Pan-African suite of rocks in Libya (Hallett, 2002; Less et al., 2006; Fig. 
2.1). In addition, subsurface data from hydrocarbon wells suggest that this 
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suit of rocks extent through the Murzuq Basin, the Tibesti arch as well as 
southern part of the Sirt Basin (Hallett, 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Cartoon showing the break-up of Rodinia supercontinent 
commenced during the early Neo-Proterozoic (1000 to 700 Ma). Oceanic 
microplates in the Pharusian Ocean in the western part jointed to form the 
Touareq Shield of North Africa whereas they were formed the Arabian Shield 
in the northwestern part of the Arabian Nubian Ocean (modified from Unrug et 
al., 1996; Hallett, 2002). 
 
During the earliest Palaeozoic was related to the breaking up of the Pannotia 
supercontinent and to gathering the southern continental assemblage which 
constituted Gondwana in the latest Pan-African Orogeny from early 
Ordovician to Jurassic time (Begg et al., 2009; Fig. 3.3). The formation and 
breakup of Gondwana is considered as the major tectonic evolution of Africa 
(Montgomery, 1994, Saadi et al., 2011). The southern margin of Gondwana 
was characterised by mountain building, convergence and subduction 
tectonics, whereas the North African formed part of the massive margin of 
western Gondwana since the early Palaeozoic and the emergent internal 
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parts of the supercontinent which provided the source area of the terrigenous 
clastic materials (Less et al., 2006). The early Palaeozoic rocks in the North 
Africa have been classified into three meg-acycles sequence. The first cycle, 
dominantly transgressive in character, represents a maximum flooding event, 
which followed by regressive cycle, whereas the third cycle is terminated by 
the basal Silurian marine transgression (Hallett, 2002). 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Cartoon showing the division of the Pannotia supercontinent into 
Laurentia and Gondwana during Cambrian time (modified from Unrug et al., 
1996; Hallett, 2002). 
 
Moreover, during the early Palaeozoic western Gondwana was located 
closer to the South Pole than the present-day and glacial conditions 
prevailed over much of the region during the Ordovician. The Ordovician   
formations in southern Libya are made up of sandstone strata containing 
abundance of traces fossils (e.g. Tigillites and Cruziana), indicating  
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Figure 3.3. Cartoon showing the craton blocks stitched together during the 
Pan-African Orogeny. The tectonic architecture of Africa comprises of several 
stable Archean cratonic and surrounded by younger Proterozoic mobile belts 
(modified from Unrug et al. 1996; Hallett 2002). The weakened margins of 
cratons have frequently been reactivated during cycles of rifting, subduction 
and renewed accretion (Begg et al., 2009). 
 
significantly deeper shallow marine depositional conditions than in the 
Cambrian  (Brenchley, et al. 1994; Semtner and Klitzsch, 1994; Sutcliffe, et 
al. 2000; Hallett, 2002; Peregi et al., 2003).  The climate following this event 
became warmer once again which caused rapid melting of the ice sheets to 
the south which led to consecutive major transgression in the earliest Silurian 
and deposited thick black shales (organic-rich graptolites shale). These form 
the primary hydrocarbon source rocks in the North Africa (e.g., the Tanezzuft 
Formation in the Murzuq Basin), then followed by pro-delta and deltaic high-
stand deposits, e.g., the shallow marine of the Akakus Formation as common 
oil reservoir in Murzuq Basin (Boote et al., 1998; Hallett, 2002; Guiraud et al., 
2005; Less et al., 2006; Chorowicz and Benissa, 2016). Sedimentation was 
generally ceased during the Silurian-Devonian transition due to a drop in 
global sea level and tectonic instability (Guiraud et al., 2005).  
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The latest Pan-African orogeny was expressed by unconformities on the 
Ordovician sequence (Peregi et al., 2003; Less et al., 2006). This event was 
followed by collision of Laurentia (North America) with Africa in the late 
Silurian-early Devonian forming a series broad of NW–SE to N–S uplifts and 
grabens which include the Tihemboka High, the Murzuq – Jadu Trough, the 
Dor el Qussah Trough, Kalanshio Trough as well as the Tripoli –Tibisti 
Uplifts. These structural elements were controlled deposition during the early 
Palaeozoic in Libya (Goudarzi,1980; Ziegler, 1988; Scotese and McKerrow, 
1990; Kröner, 1991; Echikh, 1998; Boote et al., 1998; Chorowicz and 
Benissa, 2016; Fig. 2.4).  
 
3.3    Early Devonian to middle Triassic (≈ 422-242 Ma) 
 
The early Devonian sequence can be divided into four sedimentary cycles 
which are dominated by widespread deltaic complex and terminated by uplift 
and erosion during the middle Devonian. During this period, the western part 
of Libya became subject to extensive tectonic deformations, representing the 
first event of Hercynian orogeny. This event played a major role to effect on 
the geological development of the North Africa when Laurasia supercontinent 
collided with the northwestern margin of western Gondwana where an 
episode of extensive erosion on the limbs of Al Qaraqaf Arch and deposition 
of continental sandstone formations, e.g. Tadrat Formation in Murzuq Basin 
(Hallett, 2002; Peregi et al., 2003; Guiraud et al., 2005).The middle and late 
Devonian were marked by a flooding event leading to the deposition organic-
rich shale (Guiraud et al., 2005). During the middle Carboniferous-Permian 
growing the intensity of the collision between Gondwana and Laurasia led to 
the development of Atlas Mountains and produced flooding event in Libya, 
followed that uplifted and extensive erosion which reached its peak during 
the late Carboniferous (Hallett, 2002; Chorowicz and Benissa, 2016). 
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Figure 3.4. Hercynian structural elements with E–W to NE–SW trends, 
indicated by solid black lines, were superimposed over the early Palaeozoic 
structural elements, indicated by dashed red lines (modified after Klitzsch, 
1971; Anketell, 1996; Hallett, 2002). GVP; Gharyan Volcanic Province; SVP; As 
Sawda Volcanic Province; AHVP;Al Haruj Volcanic Province; NVP; Nuqay 
Volcanic Province; TVP; Tibesti Volcanic Province. 
 
 The southern part of Libya had been transported into a continental 
environment with superposition of the Hercynian trend over the Lower 
Palaeozoic trend which led to the destruction of the earlier structural 
elements with the formation new structural elements. The latter structural 
elements are nearly perpendicular to the former elements (Woller and 
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Fediuck, 1980; Peregi et al., 2003). There are newly formed E–W trending 
the Nafusah Uplift, NE–SW to ENE–WSW trending, Tibesti – Sirt uplift (Sirt 
Arch), Al Qarqaf Arch and Al Awaynat Uplift which destroyed the major parts 
of NW–SE to NNW–SSW of the Tripoli – Tibesti Uplift, Dor el Qussah 
Trough, South Haruj Uplift and Kalanshio Trough (Fig. 3.4). These structural 
elements led to separate of Ghadamis Basin from the Murzuq Basin and 
remains of the Dor el Qussah trough became the eastern part of the Muruzq 
Basin and parts of the South Al Haruj Uplift is much less clear due to covered 
by the later Tertiary to Quaternary extruded basaltic lava flows of the Al Haruj 
Volcanic province (AHVP) (Peregi et al., 2003; Less et al., 2006; Chorowics 
and Benissa, 2016). The Palaeozoic sequence of the central and 
southernmost part of Libya was dominated by folds and steep shear zones 
beginning at Emsian and continuing until Moscovian. They were 
characterised by compression stress which led to producing the inversion of 
Dur al Gussah trough (Oun et al., 1998; Peregi et al., 2003).  
 
Alternatively, Chorowics and Benissa (2016) propose that the Qarqaf Arch, 
N70oE, occurred due to transfer fault along duration extension and 
associated transcurrent movement during the Palaeozoic rather than 
regional compression stress. In addition, most folds occurrences in the NW 
Libya were related to folding along normal faults or due to gravity sliding of 
soft material along transfer fault zone (Chorowics and Benissa, 2016). 
However, all the main continental plates had formed a single supercontinent 
which called Pangea due to the collision between western Gondwana and 
Laurasia and continued until the Jurassic time, where a great strike-slip 
component and a major right-lateral shear zone were developed and 
extended along the line contact between them. Therefore, many of basins 
situated on the margin of the North African are governed by dextral shear 
zone such as the Sirt Basin (Hallett, 2002; Fig. 3.5). 
 
The middle to late Permian was prevailed by tensional regime that 
encouraged magmatism  as evidenced by basic volcanic rocks which have 
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been encountered offshore in many oil wells  as well as granites dated as 
late Permian (256 Ma) on the Waddan horst, west Sirt Basin (Wilson and 
Guiraud, 1998; Hallett, 2002;  Abadi et al., 2008). Moreover, microsyenite 
sills have been recorded in the Amal oil field, the eastern part of Sirt Basin, 
with a time span 245 Ma (Abadi et al., 2008). This time corresponds to the 
fragmentation of many small plates in the eastern Mediterranean as resulted 
of the intense dextral wrench strike with displacement around 400 km 
between Laurasia and Gondwana (Fig. 3.5). The Permian – Triassic 
transition time was marked by minor tectonic activity and slightly changes in 
the paleogeography (Echikh and Sola, 2000; Guiraud et al., 2005). 
 
3.4 Triassic to late Cretaceous (≈ 242-66 Ma) 
 
Pangea was commenced to the break-up during the late Triassic to middle 
Jurassic time that led to the opening of the Central Atlantic due to the 
separation of the northwest Africa from North America which  was associated 
with melt generation and magma emplacement (Less et al., 2006; Abadi et 
al., 2008). Granodiorites have been penetrated in several oil wells on the 
Waddan Platform, the western part of  Sirt Basin,  as well as from Amal area 
that have been dated as 230 Ma (Carnian) and 207 Ma (Rhaetian) 
respectively (Abadi et al., 2008). The magmatic episodes may be provided 
significant insight into the timing and the evolution of plate geodynamics 
(White and McKenzie 1989; Suleiman et al., 2017).  
 
 Laurasia had totally separated from the Gondwana by the late of Jurassic 
(Hallett, 2002). The relative motion between African and European plates is 
crucial importance to the tectonic evolution of North Africa and the 
development of Tethys (Mediterranean Sea) between North Africa and 
Europe. Transgression of the Neotethys along Northern Africa which 
produced terrigenous to mixed marine sedimentation and predominated 
extensional tectonics during this period (Conant and Goudarzi, 1967; Gumati 
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and Kanes, 1985; Ziegler, 1988, 1992; Baird et al., 1996; Schroter, 1996; 
Hallett, 2002; Courel et al., 2003; Guiraud et al., 2005; Abadi, et. al., 2008; 
Chorowics and Benissa, 2016; Fig. 3.6). Several geodynamic and magmatic 
events were registered by the Jurassic times along the northwestern Africa 
which thus strongly influenced by transtensional movements (Guiraud et al., 
2005). The continental rifting generally was very active during this time within 
entire the African plate and produced numerous NW–SE troughs as 
documented in many regions (Corti, 2009).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Pangea super-continent was established during the early Permian 
(256 Ma) due to the collision between Laurasia and Gondwana. Palaeo-Tethys 
ocean began to develop and rifting among West Gondwana and Laurasia 
(modified from Ricou, 1996; Hallett, 2002). 
 
However, in the early Cretaceous, the seafloor spreading began in the 
central Atlantic that induced major changes in the drift of Africa relative to 
Europe from an ESE to E which produced the major shift in the position of 
the Mediterranean terranes. Subsequently, stretching and collapse of the Sirt  
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Figure 3.6. The break-up of Pangea led to establish sea floor spreading 
throughout the Mediterranean province as well as newly opening Atlantic 
during the mid-Jurassic. African plate was simultaneously moved eastward 
relative to Eurasia, resulting left shear zones in the western Mediterranean 
(modified from Dercourt et al., 1986; Hallett, 2002). 
 
Arch was caused by detachment of Apulia plate and remaining what is now 
the Gulf of the Sirt (Hallett, 2002; Fig. 3.7). Active sea floor spreading 
adjacent to the African margin and the eastwards drifting of Africa, with the 
formation of horsts and grabens in NW–SE strike trending led to the 
formation of the Sirt Basin (Fig. 3.8). They were submerged by a marine 
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transgression during the Cenomanian and associated with warm global 
climates and the highest global Phanerozoic sea levels, which favoured the 
development of carbonate platforms (Dercourt et al 2000; Hallett, 2002; 
Philip, 2003; Guiraud et al., 2005). Many studies suggest that the northern 
Libyan margin basins commenced to create during Permian times along 
offshore domain, while onshore domain was formed during Cretaceous (e.g., 
Shegewi, 1992; Dercourt et al., 1993; Anketell, 1996; Abdunaser and 
McCaffrey, 2014). However, most of the central and southern Libya was 
undergone to widespread erosion and continental sedimentation from the 
mid-Permian to late Cretaceous, therefore a thick sequence of terrigenous 
sedimentary rocks was deposited in the Murzuq Bain during this period. By 
contrast, the Sirt arch was exposed to extensive erosion (Peregi et al., 2003). 
Guiraud et al., (1992) demonstrate that the Mesozoic – Tertiary tectonic 
evolution of the African plate is directly linked to the opening history of the 
Atlantic Ocean and related to the interaction of the Eurasian and African 
plates (Ziegter, 1992; Van Der Meer and Cloetingh, 1993). 
 
During the Coniacian-Santonian the relative motion between African and 
Eurasian plates changed relatively from sinistral divergence to dextral 
convergence in NE direction and termination of sea floor spreading in the 
western Mediterranean. Meanwhile, Tethys began to close, reflecting the 
marked change in tectonic style that took place in the Santonian across the 
Mediterranean region and Africa. Therefore, the Santonian represents a 
compression phase associated with the continued NE movement of the 
African plate leading to inversion of Al Jabal al Akhadar Trough in NE Libya 
with folding roughly NNE–SSW axes (Hallett, 2002; Abadi et al., 2008). This 
regional compressive regime is present throughout the eastern 
Mediterranean region from Syria to form the Syrian arc fold system through 
Palestine to the Western Desert of Egypt. Subsequently, tension phase 
occurred in the latest Cretaceous (Campanian – Maastrichtian) along the 
southern margin of Tethys (Fig.3.9a) (Rohlich, 1991; Anketell and Ghellali, 
1991; Guiraud et al., 1992; Abadi et al., 2008). 
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Figure 3.7. Sea floor spreading established in the early Cretaceous, leading to 
major changes of Mediterranean terranes (modified from Dercourt et al., 1986; 
Hallett, 2002). 
 
 
3.5 Early Paleogene to Present day (≈66-0 Ma) 
 
African plate ceased motion relative to European plate during the Paleocene 
(Rosenbaum et al., 2002), causing inactive faulting in the Sirt Basin with 
down-warping forming a structural sag. Then the late Eocene to the recent 
time was dominated by strong volcano-tectonics and ring intrusions have 
been dated as Eocene at Jabal Awayant on the border between Libya and 
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Sudan and this stage was marked by rapid and intense changes in the global 
climate (Woller and Fediuk, 1980; Andre, et al. 1991; Guiraud et al., 2005; 
Fig. 3.4). Followed that in the Oligocene the relative movement of African to 
Eurasian plates had been dramatically changed which led to several 
significant changes in the western Mediterranean and subsidence of the Hun 
Graben occurred during this period.  
 
A major subsidence was still taking place in northern part of the Ajdabiya 
Trough, the eastern part of Sirt Basin (Abadi et al., 2008). Moreover, 
sedimentation of the Oligocene was influenced by the upper Eocene – early 
Oligocene uplift and erosion. The broad carbonate platforms in the early 
Tertiary have represented a major hydrocarbon reservoir in the Sirt Basin 
(Hallett, 2002). In addition, the Arabian shield commenced to break-up from 
the African plate throughout the rifting of the East African in the Oligocene 
leading subsequently to opening Red Sea and the Gulf of Aden during 
Miocene (Bosworth et al., 2005; Begg et al., 2009; Al Kwatli et al., 2012). 
Sebratah and Jifarah basins in the north-western part of Libya began to 
subsidence during late Paleocene to Eocene, simultaneously continued drift 
of Africa to the northeast with greater rotation to the east from the Miocene at 
rate of about 1cm per year. Whereas the rate movement of Arabian plate is 
around 3 cm per year which led to increase compression along the boundary 
between Arabia and Iran as well as rifting of the Red Sea has developed into 
an active spreading center (Hallett, 2002; McClusky et al., 2003; Al Kwatli et 
al., 2012).  
 
Furthermore, Capitanio et al. (2012) suggest that the Jifarah Basin, Jabal 
Nafusah and the Hun Graben are consistent with age and trends of the Sicily 
Channel rift zone. The Dead Sea was subject to strike-slip faulting during 
mid-late Miocene, these events reflect the ENE tilting and minor folding of 
the Sirt Basin (Hallett, 2002). Subsequently, the motion of African plate 
relative to European plate changed during the Tortonian (8.5 Ma) from a 
NNE to NW which led to rejuvenation Hercynian faults WNW (Fig. 3.9b). 
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During this period was marked by thrusting and wrench faulting in offshore of 
Libya, marine sedimentary rocks in Cyrenaica, NE Libya. Meantime, uplift 
and erosion took place in western Libya which interpreted as upwelling 
mantle plume caused this uplifted as well as continued extensive subsidence 
in the whole of the Sirt Basin (Hallett, 2002; Guiraud et al., 2005). 
Subsequently large of basaltic lava flows (> 66,000 km2) which were erupted 
along the axis of the Paleozoic Tripoli – Tibesti Uplift in the trend NNW–SSE 
from the Gharyan volcanic field at the coast of Mediterranean Sea to Nuqay 
at Libya – Chad border through the AHVP as well as at Tibesti Volcanic 
Province, in northernmost Chad (Anketell, 1996; Deniel et al., 2015). The 
Tripoli – Tibesti Uplift is considered by many studies as the junction between 
two African plates (East and West plates) according to paleo-stress field 
studies (Hallett, 2002). Reactivation of these ancient megastructures as the 
African and European continents gradually became closer since late 
Cretaceous may be one reason for the Libyan magmatisms (Bardintzeff et 
al., 2012; Staurt et al., 2014). The alignments eruptive vents/crater rows at 
the AHVP display the dominating strike of volcanic fissures/feeder-dykes 
namely WNW–ESE to NW–SE and NE to NNE, coinciding with the 
predominate orientations of these regional pre-existing structures. Therefore, 
some feeder-dykes may have used these ancient fractures as part of their 
paths to the surface.          
 
Nevertheless, super-aridity occurred at the late Miocene (<11 Ma) in the 
central Libyan Sahara which caused the mass extinction of savanna climatic 
conditions and substantial antiquity of river basins at Lake Megafezzan, 
southwestern Sirt Basin (Hunslow et al., 2017). In addition, the level of sea 
water in the Mediterranean dramatically drawdown more than 500 m during 
the latest Miocene (Messinian time) and produced massive desiccation in the 
Mediterranean Sea, known as Messinian Salinity Crisis (MSC) (Gautier et al., 
1994; Bache et al., 2009).  The Messinian event has been evidenced by the 
presence layers of evaporites in outcrops of Sahabi area, west of Ajdabia 
city, and in many oil wells in the Sabratah Basin (Barr and Weegar, 1972; 
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Schäfer, et al, 1980; Hallett, 2002; Muftah et al., 2013; El-Shawaihdi et al., 
2016).  
 
3.6 Tectonic evolution of the Sirt Basin 
 
The AHVP is mostly located within the Sirt Basin; thus its geological history 
is mainly related to the Sirt Basin tectonic evolution. The sedimentary record 
filling of the basin belongs to the late Mesozoic to Tertiary time which 
reaches a maximum thickness around 7,500 m in the Ajdabi Trough (Fig. 
3.10). The Sirt Basin is situated within the North African passive continental 
margin and bounded on the north by the Mediterranean Sea, from the west 
by Al Qaraqf Arch, southeast by Az Aalmah Arch and from northeast by the 
Cyrenica platform which is considered as a continental rift (Fig. 3.11) (Futyan 
and Jawzi, 1996; Guiraud and Bosworth, 1997; Abdunaser and McCaffrey, 
2014; Galushkin, 2016).  
 
 The basement rocks of the Sirt Basin have been penetrated by numerous oil 
wells which reveal the Pan-African remobilised, subsequently, deposition of 
sediments in the Kalanshio Trough during early Palaeozoic then uplift and 
erosion in the Devonian. So that the tectonic evolution of the Sirt Basin was 
initiated as positive Tibesti – Sirt arch, which was formed during the 
Hercynian Orogeny in the mid-Devonian due to inversion of the early 
Palaeozoic structure elements during the late Palaeozoic – early Mesozoic 
(Anketell, 1996). This major arch extended NE–SW from Chad towards 
Cyrenaica and was undergone to intensive faulting and deformation (Fig. 
3.4). Consequently, major erosion led to a removal of the Paleozoic 
sediments over the crest of the arch. Some traces of Kalanshio Trough have 
been reported in the lower Palaeozoic succession beneath the AHVP as well 
as in the Al Fuqaha Depression (Bellini and Massa, 1980; Van Houten, 1980; 
Anketell, 1996; Pawellek 2007). Granites and mafic rocks, however, have 
been encountered from borehole data in the Sirt Basin which dated as early 
Cretaceous. Therefore, some studies suggest that the Sirt Arch was situated 
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over a fixed mantle plume led to stretched and weakened the overlying crust 
(Deunff and Massa, 1975; Belhaj, 1996; Echikh, 1998; Hallett, 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. A generalised structural map showing the broad NW–SE structural 
patterns of the Sirt Basin that consist of grabens with intervening horsts 
produced from the collapse of the Sirt Arch (modified after Anketell, 1996). 
 
However, the Sirt Basin is comprised of a series of platforms and troughs 
mainly orientated in NW–SE that commenced to evolve in the latest Jurassic 
and announced the dominant structural trends in the basin today (Fig. 3.8). 
The troughs gradually deepen eastwards providing a regional asymmetry to 
the structural shape of the Sirt Basin (Abdunaser and McCaffrey, 2014). The 
origin and tectonic evolution of the Sirt Basin have been attributed to different 
causes by many researches as well as the timing of the main tectonic 
phases is subject to open debate due to lack of deep hydrocarbon wells to 
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reach the basement in the trough areas as well as lack available high quality 
3-D seismic surveys (Abadi et al., 2008, Abdunaser and McCaffrey, 2014).   
 
Some suggestions from these numerous syntheses and models as to the 
timing and tectonic evolution of the Sirt Basin during the last few decades will 
be discussed here. For instance Schäfer et al. (1980) demonstrated that the 
drift velocity of the Saharah sub-plate was decreased relative to the east 
African sub-plate during the late Cretaceous in response to collision between 
Saharah sub-plate with European plate which continued drifting to the NE 
and led to extension and development of the Sirt Basin (Abdunaser and 
McCaffrey, 2014; Fig. 3.12). Thusu (1996) suggests that rifting of the Sirt 
Basin began in the Triassic or probably in the Permian associated with the 
initial opening of Neotethys (Stampfli, 2001). Baird et al. (1996) argue that 
the rifting of the Sirt Basin was active during Cenomanian to Campanian then 
infill rifting until the latest Maastrichtian. It was followed by inclining towards 
the NE during the Oligocene, whereas others suggest (e.g., Thusu, 1998) 
that the rifting started as early as Triassic and the syn-rift extended only from 
Triassic to early Cretaceous. The rift termination was marked by a thermal 
sag stage which gave rise to the Cenomanian marine transgression (Gras, 
1996).  
 
Gealey (1988) suggests that the rifting began in the mid-Cretaceous in 
response to extension along abroad transform zone extending through 
western Mediterranean into the Atlantic Ocean. Anketell (1996) presented 
evidence to indicate that the Sirt Basin created along the North African plate 
margin under sinistral strike-slip movement, rifting in the Hameimat Trough 
was obviously active in the Berriasian – Valanginian time while was active 
during the Aptian in the western part of the Sirt Basin. Ambrose (2000) 
suggests that dextral strike-slip influenced on the late Cretaceous tectonism 
in this region. Capitanio et al. (2009) propose that the tectonic development 
of the Sirt Basin derived from slab pull forces due to the evolution of the  
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Figure 3.9. a) The relative motion of African plate changed from eastward to 
northeastward in the latest Cretaceous, causing ending of the seafloor 
spreading in part of the western Mediterranean and sinistral shearing zones in 
the North Africa (modified from Dercourt et al., 1986; Hallett, 2002). b) The 
relative motion of African plate to Eurasian plate changed from the north-
eastward to the north-westward during the Eocene and Oligocene after that it 
went back toward northeast during the early Miocene, indicated by black 
arrows (modified from Dercourt et al., 1986; Hallett, 2002). 
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Hellenic subduction system. Hellenic extension caused differential faulting in 
the Sirt Basin during (Maastrichtian-Thanetian), subsequently grew at early 
Eocene (Yppresian), producing large extension in Sirt Basin. Abdunaser and 
McCaffrey (2014) suggest that the tectonic evolution of the Sirt Basin started 
as early as the Permian-Triassic until the Neogene which is characterised by 
a complex history of extension interrupted by strike-slip faults and 
compressional phases. Theses faults partly control the dyke paths in the 
uppermost crust in the western part of Sirt Basin (Elshaafi and 
Gudmundsson, 2016). 
 
Additionally, Van Houten (1983) propose that the rifting was resulted by 
crustal thinning due to the passage of the area for a long period over a fixed 
mantle plume during the early Cretaceous that presumably produced change 
in state of stress within Africa plate (Hallett, 2002). Moreover, Burke and 
Dewey (1974) suggest that the Sirt Basin constitutes the failed arm of a triple 
junction among the Eurasian, African and Tethyan plates. It can be 
suggested that the NW trend of horsts and grabens, the SW trend of the Abu 
Tumayam Trough as well as E–W trend of the Hameimat Trough seem to 
form triple junction within Sirt Basin, due to crustal thinning over a fixed 
hotspot in the late Jurassic – Cretaceous time (Dercourt, et al. 1986;  Gras; 
and Thusu, 1998; El-Makhrouf, 1988, 1996; Finetti and Del Ben, 2000; Van 
Houten, 1983; Anketell, 1996;  Hallett, 2002). 
 
Klitzch (1971) suggests that the basin formed in an intraplate setting due to 
shearing movements, resulting from the rotation of the Sahara platform in the 
west direction relative to Europe shearing movements. Guiraud and Maurin 
(1992) pointed out that the Sirt Basin was considered as one from a number 
of large NW trending troughs during early Cretaceous that opened due to NE 
extensional regime. While the central African fracture zone extended from 
Benue to Sudan that revealed strike-slip movements to produce pull-apart 
basins. The African plate was divided into a western Africa block or 
(subplate), an east African block subplate as well as a southern African sub-
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plate (Fig. 3.12). The East African sub-plate was segregated from another 
sub-plates and moving towards the North in Berriasian to early Aptian, 
subsequently, changed toward the NE during the middle Aptian to late Albian 
(Guiraud and Maurin, 1992; Anketell, 1996; Abdunaser and McCaffrey, 
2014). 
 
Overall, the Sirt Basin was active at several stages and associated with 
series of tectonic events caused complex geodynamic system. Therefore, 
four main tectonic phases have been identified from the late Cretaceous to 
present day based on thickness variations and subsidence analysis, 
corresponding to plate reorganisation which is tied to the evolution of the 
Atlantic and Tethys (Gumati and Nairn, 1991; Van der Meer and Cloetingh, 
1993; Baird et al.,1996; Schroter, 1996; Abadi, 2002; Galushkin, 2016).The 
stretching periods of the tectonic subsidence of the Sirt Basin have been 
punctuated by periods of tectonic quiescence and thermal subsidence, 
where stretching of the crust began at the trough centres then gradually 
transported to the crest of platforms (Abadi et al., 2008). The complex 
geodynamic evolution of the Sirt Basin was followed by the onset of 
extensive volcanic activity in the SW margin of the Sirt Basin (Fig. 3.13; 
Table 3.1). 
 
3.6.1 Tectonic phase I (late Jurassic – early Cretaceous) 
 
Limited subsidence commenced on the early rifting phase and was 
corroborated by magmatism as evidenced by granites have been dated 152– 
122 Ma and basic-intermediate volcanic rocks have been dated 148–127 Ma 
(Cahen et al., 1984; Rossi et al., 1991;Hallett and El-Ghoul, 1996 ; Gras and 
Thusu, 1998; Wilson and Guiraud, 1998; Abadi  et al., 2008). Less intense 
subsidence was most pronounced in the western part of the Sirt Basin in the 
Dahra Platform, Zallah Trough, Hun Graben as well as Waddan Uplift with 
stretching β value less than 1.059 compared to the eastern part of the basin 
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in Hameimat and Sarir Troughs to be 1.21, 1.096 respectively (Abadi  et al., 
2008). The stretching β values are obtained from back-stripping geophysical 
results by Abadi et al. (2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Isopach map showing the subsurface distribution of the sediment 
thickness in the Sirt Basin from the lower Cretaceous to Quaternary 
according to examined about 250 oil wells. The maximum thickness has been 
recorded in the eastern part of the basin at Ajdabi Trough (modified from 
Abadi et al., 2008). 
 
The Apulian/Adriatic plate is a small tectonic plate carrying mainly continental 
crust that broke-up from Africa along a large transform fault in the early 
Cretaceous which led to increase instability and then the thinned and rifted 
Tibesti – Sirt Arch (Pawellek 2007; Abadi et al., 2008). The Tibesti – Sirt Arch 
collapsed during the Aptian producing in a rift basin with a NW–SE trending 
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horst and graben structure, and flooding of the collapsed area during 
Cenomanian. Subsidence and pull-apart took place in the Hameimat and 
Sarir Troughs, Messlah and South Sarir Horsts whereas the Jaghbub Trough 
on the Cyrenica Platform was created during the Berriasian – Valanginin 
(Hallett, 2002). All of these structural elements have roughly an E-W 
alignment (Fig. 3.11). Some studies suggest that the Abue Tumayam Trough 
formed at the same time with opposed direction in the NNE–SSW due to 
inherited of pre-existing structure (e.g., Wennekers et al., 1996; El-Hawat et 
al., 1996; Rasul, 2000; Sinha and Mriheel, 1996; Hallett, 2002). Klitzsch 
(1971) proposed that the central part of Libya developed as evolved into a 
high-elevation region (Sirt Arch) during Hercynian Orogeny, followed by 
collapsed associated with a rejuvenation of pre-existing structural elements. 
The Sirt Basin was mainly filled up by continental sandstone of Nubian 
Formation and subjected to erosion into the late Cretaceous (Tawadros, 
2001, Abdunaser and McCaffrey, 2014). Nubian Sandstone refers to a 
diversity of sedimentary rocks deposited on the Precambrian basement in 
the central Libya and many other places in North Africa. The formation 
contains continental sandstones with thin beds of marine limestones, and 
marls and its timespan ranging from upper Cambrian to lower Cretaceous 
(Issawi , 19972). The earliest faulting in the Sirt Basin is existed in the 
Hameimat - Sarir troughs and began in early Cretaceous time (Berriqsian – 
Valanginian) and trended E–W and WSW–ESE (AGOCO, 1980). These 
faults probably controlled fragmentation of the plate margin along a Sabratah 
– Cyrenica shear zone (Anketell, 1996).  
 
3.6.2 Tectonic phase II (late Cretaceous) (Cenomanian–Maastrichtian) 
 
During the late Cretaceous, the African plate has been changed movement 
direction that led to the stretching of the cratonic lithosphere and 
fragmentation in the North Africa and major basin subsidence faults (Gumati 
and Kanes, 1985; Gumati and Nairn, 1991). This tectonic phase has been 
subdivided into five tectonic sub-phases by Abadi et al. (2008) based on an 
automated forward modelling technique that reflects existence of a complex 
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tectonic evolution. There are exhibited strongly subsidence variations in 
spatial and temporal, and the greatest stretching was recorded in this phase 
with β value of 1.26. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11. Tectonic map showing the major structural elements of the Sirt 
Basin and adjacent areas (modified after Mouzughi and Taleb, 1981; Ambrose, 
2000; Abadi et al., 2008). 
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Figure 3.12. Subdivision of Africa into major blocks during the early 
Cretaceous. The Sirt Basin is situated at the tip of the Sirt-Benue fracture 
zone (modified from Fairhead and Green, 1989; Fairhead and Binks, 1991; 
Guiraud and Maurin, 1992; Anketell, 1996; Abdunaser and McCaffrey, 2014). 
 
 
The great difference in subsidence rate during this tectonic phase most likely 
are related to change in the stress field regime interacting with the basin 
structure (Abadi et al. 2008; Galushkin, 2016). Subsequently, in the 
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Maastrichtian, the subsidence of the Sirt Basin became less variation in the 
space whereas the subsidence in the Ajedabia Trough continued intensively 
(Fig. 3.14). It was followed by minor subsidence and mild inversion in the 
Jabal al Akhadar anticlinorium, NE Libya, during the Santonian and 
Coniacian (Ziegler, 1988; Anketell, 1996; Guiraud et al., 2001, Abadi et al., 
2008). During the late Cretaceous, the magmatism became larger in 
response to extensive rifting and sinistral strike slip faulting on the offshore 
Pelagian Shelf and volcanic rocks (trachyte) have been reported in the Sirt 
Basin and dated as early Palaeocene (Abadi et al., 2008). During the latest 
of Cretaceous most of the area had submerged under the sea and shale rich 
organic material (source rock of kerogen) was deposited in the troughs. Then 
subsidence was continued and formation extensive of the platform 
carbonates (reservoirs above horsts) (Abdunaser and McCaffrey, 2014). 
 
 
3.6.3 Tectonic phase III (early Palaeocene – early Eocene) 
 
The Palaeocene rifting phase was marked by an a rapid subsidence rates of 
the Sirt Basin due to the relative motions of the African and Eurasian plates 
during the opening of the Atlantic Ocean and the development of the Tethys 
(Mediterranean Sea) on the foreland of the African plate (Van der Meer and 
Cloetingh, 1993; Anketell, 1996; Abadi et al., 2008). It is associated with 
differential fault tectonics and reactivation of basement faults (Fig.3.15). 
Simultaneously, dextral strike-slip fault movement expressed along the 
coastal plain of Libya from Sabratah to Cyrenica leading to increase rift 
subsidence in the Sirt Basin during Palaeocene-early Eocene, indicating NE–
SW extensional stresses (Anketell, 1996, Guiraud et al., 2001; Hallett, 2002). 
 
 
Furthermore, a number of fault zones exposed in the western part of Sirt 
Basin were interpreted as initiated by sinistral strike slip fault (Less et al., 
2006). It can be suggested that the rifting of the Sirt Basin can be explained 
by both dip-slip extensional and strike-slip tectonics (Kumati, 1981, 
Abdunaser and McCaffrey, 2014; Galushkin, 2016). Meanwhile, lithosphere 
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isostatically responds to a significant crustal extension (Van Der Meer and 
Cloetingh, 1993), and magmatic rocks have been recorded in the Tunisian- 
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Sicilian-Libya region which are given age as the late Cretaceous (Fig. 3.11) 
(Hammuda et al., 1991; Guiraud and Bosworth, 1997). In addition, the major 
volcanic activity of Gharyan volcanic field, located in the northwestern of the 
Sirt Basin, has timespan in ranging from the early Eocene to Pliocene based 
on K/Ar age dating method (Wilson and Guiraud, 1992, Al-Hafdth and Jafeer, 
2014). Two main tectonic phases subsidence occurred in the Sirt Basin were 
separated by a tectonically quiescent phase during the Maastrichtian 
(Busrewil et al., 1996). They were followed by the early Eocene 
transgression leading to evaporitic and dolomitic deposition due to inversion 
tectonic to the north-eastern Libya at the Jabal Al Akhader anticlinorium 
(Abadi et al., 2008). 
 
3.6.4 Tectonic IV (Post-rift stage) (middle Eocene to Holocene) 
 
Subsidence and flexural bending occurred during this tectonic phase in 
response to thermal contraction of the lithosphere and vertical loading by 
sediments with a thickness of hundreds of meters. The highest subsidence 
during this tectonic phase occurred in Ajedabia Trough and Zelten Platform 
(eastern part of the Sirt Basin) (Hallett, 2002; Abadi et al., 2008). Thermal 
subsidence can be explained by an intraplate compression as a result the 
collisional coupling of Africa and Europe and subsequent stress release 
related to change in Atlantic geometry (Van Der Meer and Cloetingh, 1993). 
Syn-sedimentary reactivation of NW–SE pre-existing extensional faults 
occurred during the Oligocene in the SW part of the basin at the Al Haruj 
region that contributed to en-échelon pattern and right stepping asymmetric 
relay ramps (Peregi et al., 2003; Fodor et al., 2005; Less et al., 2006).  
 
Moreover, the western part of the Sirt Basin was affected by the highest 
erosion amplitudes led to removing as much as  1000 m during the last 10 
Ma (Gumati and Schamel, 1988; Galushkin, 2016) (Fig. 3.13). It is most likely 
related to a significant topographic doming in this area which was marked by 
the widespread volcanic activity of the Gharyan – Tibesti volcanic fields. 
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Those volcanisms can be explained by mantle upwelling in the absence of 
faulting during post-rift stage (Skogseid, 1994). The asthenospheric rise 
caused decompression partial melting at various levels and created later 
magma reservoirs at the crust-mantle boundary (Cvetkovic et al., 2010; 
Elshaafi and Gudmundsson, 2017). Lithospheric folding was most likely 
associated with the mantle upwelling as found in many areas in European 
plate (Hallett, 2002; Cloetingh and Van Wees, 2005). In addition, dykes 
associated with magmatic activity in the southwestern part of the Sirt Basin 
may have contributed to an elevated heat flow which led to enhancement 
maturation levels of kerogen (Gumati and Schamel, 1988 Abadi et al., 2008). 
 
 
Furthermore, magmatism in the Gharayn – Tibesti volcanic provinces in 
general and the Al Haruj Volcanic province in particular, postdates peak 
extension of the Sirt Basin. Therefore, the thinning of lithosphere cannot be 
the directly related to the melt generation. It is noteworthy that this mafic 
volcanism took place mostly at the south-western periphery of the Sirt Basin 
rather than in central region that underwent to significant thinning. However, 
the rifting of the Sirt Basin has affected the sedimentary sequence of the late 
Cretaceous – Tertiary in the central and southern part of Libya. The major 
effect was mainly a tensional stress NE–SW to E–W in the southernmost 
part of the Sirt Basin which is primarily characterized by NW–SE trending 
normal fault, conjugate strike-slip faults with displacement less than 100 m 
as well as drape folds (Peregi et al., 2003; Fodor et al., 2005, Less et al., 
2006). In contrast, the direction of tension along the Dor el Qussah basement 
inlier, west of the AHVP, and Abu Tumayam sub-basin, southeastern of the 
AHVP, were generally trending the NNE–SW as opposed to major trend of 
the Sirt Basin NW–SE. Therefore, this structural trend was inherited from 
ancient structural elements which could influence the geometry of the 
southernmost of the Sirt Basin (Fig. 3.11) (Less et al., 2006). 
 
 
 
 
Chapter 3: Regional geology and tectonics of central Libya 
 
84 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
ig
u
re
 
3
.1
3
. 
E
a
s
t–
w
e
s
t 
c
ro
s
s
 
s
e
c
ti
o
n
 
s
h
o
w
in
g
 
s
tr
u
c
tu
ra
l,
 
te
c
to
n
ic
 
p
h
a
s
e
s
 
a
n
d
 
th
ic
k
n
e
s
s
 
o
f 
s
e
d
im
e
n
ts
 
in
 
th
e
 
S
ir
t 
B
a
s
in
 
(m
o
d
if
ie
d
 f
ro
m
 A
b
a
d
i 
e
t 
a
l.
, 
2
0
0
8
).
 
  
F
ig
u
re
 
3
.1
3
. 
E
a
s
t–
w
e
s
t 
c
ro
s
s
 
s
e
c
ti
o
n
 
s
h
o
w
in
g
 
s
tr
u
c
tu
ra
l,
 
te
c
to
n
ic
 
p
h
a
s
e
s
 
a
n
d
 
th
ic
k
n
e
s
s
 
o
f 
s
e
d
im
e
n
ts
 
in
 
th
e
 
S
ir
t 
B
a
s
in
 
(m
o
d
if
ie
d
 f
ro
m
 A
b
a
d
i 
e
t 
a
l.
, 
2
0
0
8
).
 
  
Chapter 3: Regional geology and tectonics of central Libya 
 
85 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14. a) Schematic cross section of the Sarir Trough, SE of the Sirt 
Basin, reconstructed from seismic reflection line NC171-91-55. Note major 
tectonic phases were governed by high angle normal faults of the basement 
(modified from Gras and Thusu, 1998; Abadi et al., 2008). b) Cross section in 
the area separates the Ajedabia Trough from Zelten Platform according to 
interpreted seismic section (modified after Skuce, 1996; Abadi et al., 2008). 
 
 
Chapter 3: Regional geology and tectonics of central Libya 
 
86 
 
Moreover, the geodynamic processes contributing to basin subsidence 
include stretching of the lithosphere during the rifting phase (McKenzie, 
1978; Van Der Meer and Cloetingh, 1993; Galushkin, 2016), and thermal 
upward displacement of the lithosphere-asthenosphere boundary. The total 
crustal stretching estimated for the entire of the Sirt Basin from early 
Cretaceous to Miocene is around 1.4 β a value derived from back-stripping 
geophysical technique as mentioned earlier. If assuming the initial thickness 
of the Earth’s crust to be 35 km, then the sediment accumulation in the Sirt 
Basin has to have been in the order of 7 km (Abadi et al., 2008). Stretching 
factor (β) along the rift of the Sirt Basin is presumed to increase with 
decreasing crustal thickness. Nevertheless, an extension of the crust within 
the Sirt Basin region produced thermal and convective processes that led to 
thinning of the lithosphere in association with magmatic underplating and 
mantle injected melts into the crust (Ziegler 1992; Van Der Meer and 
Cloetingh, 1993). Magma reservoirs beneath this region most likely have 
produced the widespread basaltic lava flows in the western part of the Sirt 
Basin at As Sawda and the AHVP, respectively (Fig. 3.11). The basin tilting 
was followed by slightly basin inversion and activation of volcanic fissures 
that represented post-rift stage of the Sirt Basin. This event was most likely 
related to Alpine Orogeny in the Post-Eocene (Farahat et al., 2006; 
Cvetkovic´ et al., 2010). It was contemporaneous with the development of 
the Red Sea, Gulf of Aden and breakup of the Arabian shield from African 
plate (Binks and Fairhead, 1992; Al-Kwatli et al., 2012). 
 
3.7 Stratigraphic sequence of the Sirt Basin and the Al Haruj region 
 
The Precambrian crystalline basement and Cambrian – Ordovician clastic 
sedimentary rocks in the Sirt Basin are overlying by Mesozoic and Cenozoic 
sedimentary succession (Table 3.2). The sedimentary sequences in the Sirt 
Basin are marked by cycles of major transgressions and regressions, 
producing in extremely variable of marine, continental and transitional  
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deposit environments reflecting  the complex geodynamic evolution of the 
Sirt Basin  (Hallett, 2002; Abdunaser and McCaffrey, 2014).  The real 
complexities of the uppermost crust in the Sirt Basin have strong effects on 
the mechanics on mechanics of dyke emplacement and propagation as 
discussed in detail in Chapter 6.  The Mesozoic rift sediments (tectonic 
phase I first megacycle) composes of continental – marine clastic rocks of 
Nubian sandstones of early Cretaceous time, and scarce coccolith strata 
units depending on location in the basin which is separated by the Hercynian 
unconformity from the underlying granitic and metamorphic rocks. The base 
of the early Cretaceous is characterized by the unconformity which indicates 
a significant change from Nubian sandstone continental to the marine 
environment (Hallett, 2002). Marine clastics are preserved in a thick section 
in the troughs whereas carbonate rocks come out on the platforms and highs 
(tectonic phase II). The Mesozoic sedimentary rocks exhibit more lateral and 
vertical variations in thickness and lithology than the overlying Tertiary 
sedimentary rock (Table 3.3). 
 
The Palaeocene sequence was deposited a relatively during inactive 
structural time with basin down-warping creating a structural sag during 
thermal subsidence and climaxed carbonate in the Palaeocene indicate that 
open marine environment (Parsons et al., 1980; Abdunaser and McCaffrey, 
2014). These are overlain by large quantities of evaporites, limestone, and 
dolomite comprising the Kheir, Gir, Gialo and Gedir Formations that were 
deposited in the early Eocene (tectonic phase III). It appears to be 
associated with a strong reactivation of faulting recorded during Eocene than 
Palaeocene. They are marked by differences in thickness of sediment during 
late Eocene (Anketell and Kumati, 1991; Abdunaser and McCaffrey, 2014). 
Subsequently, the basin was beginning to deposit terminal continental during 
the late Eocene to Miocene (post-rift stage)( tectonic Phase IV), Bishimah 
Formation (early Eocene), Aljir Formation (Middle Eocene), Wadi Thamat 
Formation (Terrigenous clastic sedimentary rocks (late Eocene – Oligocene) 
was overlain by shallow marine rocks of Qarat Jahanam Member of Maradah 
Formation (early Miocene) (Hallett, 2002). A final tectonic phase of a post-
rifting stage is coincident with extrusion of basaltic lava during the late 
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Miocene to late Pleistocene (Table 3.3) (Cvetokivc et al. 2010). The paleo-
water depth of the upper Cretaceous – Tertiary sequence in the Sirt Basin 
has been estimated by planktonic and benthonic foraminifera around 200 m 
(Bezan, 1996; Muftah; 1996; Abadi, et al. 2008). The Quaternary 
sedimentary rocks in the Al Haruj region (south–western part of the Sirt 
Basin) is calcareous sandstone of Brak Member (Al Mahruqah Formation) 
with sabkha, deluvial, prouvial, sand dunes as well as kipukas (Less et al., 
2006). 
 
3.8 Ancient and modern Libyan stress field regime 
 
The recent World Stress Map (2015) in Figure (3.16) is indicated very rare 
studies have been published on the present-day stress regime particularly in 
Libya and North Africa at large scale due to the lack suitably located stress 
field indicators (Bosworth, 2008). There are generally ambiguous regarding 
the regional stress field in this region. However, the first attempt to measure 
in situ the regional Libyan present-day stress field was done by Schäfer et al. 
(1980) who measured in situ rock strain at 26 sites that extended from 
Tuisian-Libyan border to Jabal Al akhadar in the northeast and to Hun 
Graben and the Jufrah oasis in the Southwest (Fig. 3.17). 
 
The in-situ crustal stress in Libya was inferred from overcoring 
measurements Schäfer et al. (1980). Overcoring used to calculate the in-situ 
stress from strain relief  around the borehole.  The physical properties (e.g., 
Young’s modulus) of rocks have been selected for measurements are similar 
and known, but their ages very widely (Triassic to Holocene). Therefore, in 
situ stress can be calculated from the observed elastic strains (Bosworth, 
2008).  Schäfer et al. (1980) concluded from the overcoring data that the 
present-day horizontal stresses have a large degree of scatter and 
complexities and range from tensile to compressive depending on the 
location. The direction of maximum compressive horizontal stress and 
minimum horizontal stress displayed over a large area. Most tensile stress 
values range between 5 MPa to 15 MPa.  
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Three distinct stress domains have been recognised for the complexities of 
the Libyan stress regimes by Schäfer et al. (1980) as follows;  (i) the western 
domain extending from Tunisia border to the western shoulder of the Hun 
Graben region, has a NW–SE maximum horizontal compressive stress (Fig. 
3.17). (ii) The second in situ stress domain occurs in the central Libya that 
includes the entire Sirt Basin and characterised by a NE–SW direction. While 
(iii) the eastern Libyan domain occurs along the Jabal Al Akhadar 
anticlinorium that extends from Benghazi to the Tobark city in the 
easternmost of Libya. The western and eastern domains are characterised 
by compression regime much higher than central domain as a result of 
approaching the African plate to European plate in the last 10 million years, 
as estimated by Schäfer et al. (1980) which are considered to be responsible 
for the increased seismic activity in those zones (Hassen, 1983).The stress  
regime in the central Libya may be rotated from extensional through most of 
the Mesozoic and Cenozoic to compressional mode since the early Miocene.  
 
Suleiman and Doser (1995) are used earthquakes focal mechanisms in the 
vicinity of Hun Graben during the last century to calculate the present-day 
stress field orientation and stress regime. They mainly analysed two large 
aftershocks of 1935 (Mb=7.1) earthquake and three other in Hun Graben 
earthquakes and interpreted as a mixture of strike slip and normal faulting 
with compression axis WNW–ESE (97o) (Fig. 3.17). But Westaway (1990, 
1996) obtained significantly different results for the earthquakes focal 
mechanisms of the Hun Graben. He was interpreted to have occurred as 
oblique dextral strike-slip movement on NW–SE trending normal faults and 
kinematic model incorporates E–W extension a cross the Hun Graben.  
 
Borehole breakouts can be used to infer present-day stress field (Gough and 
Bell, 1981; Bosworth, 2008). Breakouts occur when the tensile stress around 
the borehole reaches the maximum tensile strength of the rock, generally 
0.5-9 MPa and most commonly 2-4 MPa (Gudmundsson, 2011). In order to 
understand the complexities of the Libyan stress regime, borehole breakouts 
were measured in many oil wells in the eastern part of the Sirt  
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Figure 3.15. Tectonic evolution and paleo-stress of the Sirt Basin (modified 
after Schäfer et al., 1980; Van Deer Meer and Cloetingh, 1993). 
 
Basin (Hameimat Trough) by used calliper logs and drilling-induced 
hydrofracture which demonstrated WNW–ENE orientation (Bosworth, 2008). 
It is widely consistent with volcanic crater alignments in the Al Haruj Volcanic 
Province (AHVP) (Fig. 3.17) (Peregi et al., 2003; Less et al., 2006, Bosworth, 
2008; Elshaafi and Gudmundsson, 2016). This conclusion is not in 
agreement with overcoring data of Schäfer et al. (1980) in the vicinity of Hun 
Graben. Furthermore, Bosworth (2008) concluded from borehole breakouts 
data and drilling- induced hydro-fractures the existence complex transition 
stress field zone in the Mediterranean offshore that is extended from Egypt to 
Algeria passes through Libya and Tunisia (Fig. 3.17). This transitional zone 
separates between the North Africa and Mediterranean Basin since the 
maximum compressive horizontal stress is predominately E– 
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W oriented in the North Africa whereas it is primarily N–S oriented in the 
Mediterranean basin. The rapid lateral and vertical changes in the stress field 
regime with the upper crust and limited of data presented make a fairly broad 
range of uncertainty. Fortunately, the orthogonal interconnected fractures 
produced due to this complex transition stress field zone (Fig. 3.17), 
regardless of the mechanisms mixed up that may encourage hydrocarbon 
production (Bosworth, 2008). Further analysis is thus required for improve 
our understanding the complexities of the Libyan stress field.   
 
Van Der Meer and Cloetingh (1993) demonstrate that the long-term trend of 
the palaeo-stress was changed from tension during the Cretaceous - early 
Neogene to compression in the late Neogene to Quaternary (Fig. 3.15). The 
trend of pale-stresses supposed that the late Palaeocene - early Eocene 
terminating of the rifting and variation faulting phase was associated with 
major relaxation of tensional stresses, subsequent renewed accumulation 
and relaxation during the middle Eocene giving way to a compressional 
stress regime during in the late Tertiary (Van Der Meer and Cloetingh, 1993). 
Ritsema (1975) supposed that most of the NW Africa is subjected to a recent 
NW–SE oriented horizontal compressive stresses. In addition, Sestini (1984) 
suggests that a post Eocene phase dominated by compressional events 
throughout the North Africa margin. Guiraud et al. (1992) suggest that these 
compressional events to major stage in the collision between African and 
European, which can be correlated with a change in opening direction of the 
Central Atlantic. Therefore, many of rifted basins in the Mediterranean are 
subject to a late Neogene increase in subsidence that can be related to late 
stage compression as a result of the Africa – Europe collision (Van Der Meer 
and Cloetingh, 1993). Le Pichon et al. (1988) pointed out that a change in 
the relative movement direction between African and European plates from 
left lateral translation to convergence commenced during the Late 
Cretaceous (about 90 Ma ago) involving the progressive closure of the 
remains Tethyan Oceanic domains which coincide with the initial rifting stage 
of the Sirt Basin (Van Der Meer and Cloetingh, 1993). At the present time, 
the NW–SE compression reflects part of the relative slow convergence 
between Africa and Eurasia (Azzouni-Sekkal et al., 2007). 
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Figure 3.16. The recent World Stress Map of present-day stress field for Libya 
and Neighbour countries. Note the central and southern part of Libya does 
not have any data. Sticks mention the maximum horizontal compressive 
stress with indicator type and quality shown in legend inset (Zoback et al. 
1992; Reinecker et al. 2015).  
 
By contrast, Peregi et al. (2003) and Less et al. (2006) inferred based on 
volcanic vent alignments and paleo-fault kinematic indicators that the Sirt 
Basin remains tectonically active today, and extension is presently highly 
oblique WNW–ESE to NW–SE oriented. The occurrence NW–SE set of 
normal faults which cross-cut the more recent lava flows in the AHVP is also 
indication of a tectonically active basin (Cvetkovic et al., 2010).Thus the 
development regional tensional regime was most likely responsible for the 
occurrence of the magmatic activity. It coincides with the opening of the 
southern Hun Graben commenced in the late Miocene and carried on until  
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Figure 3.17. Present-day stress field for northern Libya inferred from various 
techniques; (i) outcrop overcoring at 26 sites (modified from Schäfer et al., 
1980; Bowsworth, 2008), (ii) earthquake focal mechanisms during the last one 
hundred years. A mixed of strike-slip and normal events predominates in the 
Hun Graben for the 1935 and 1939 sequences, demonstrating WNW 
compression. Black quadrants of stereonets indicate tensional axes while 
black arrows denote strike of P-axes. Earthquake focal mechanisms are taken 
from Suleiman and Doser (1995), iii) borehole breakouts from oil wells in the 
eastern Sirt Basin. Sticks represent the maximum compressive stress. 
Breakout data are taken from Bosworth (2008), (iv) volcanic vent alignments 
(Elshaafi and Gudmundsson, 2016). The inset map shown locations of three 
stress domain zones have been suggested by Schäfer et al. (1980), and 
complex transition zone, is indicated by dashed red lines,  has been 
supposed by Bosworth (2008). 
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nowadays (Table 3.1). Furthermore, Westaway (1996) suggests that the Sirt 
Basin and Pelagian Shelf, according to plate tectonic analyses, create active 
tilting extension at a rate ~1 mm/year during the recent time due to the 
continuing rotation of Calabrian terrains  (Hallett, 2002).  
 
3.9 Seismicity of Libya  
 
Libya, situated on the Mediterranean foreland of the African shield, has 
encountered a significant intraplate tectonism and differential in seismic 
hazard throughout the territory due to the relative approaching between the 
African and Eurasian plates (Suleiman et al., 2004). The potential problem 
for the seismicity of Libya in the last three decades was the absence of 
seismic monitoring stations or any seismological service where the first 
Libyan seismological network has been installed since 2005. Thus, the 
locations of earthquakes can be determined within ±35 km in depth and ±0.5 
degrees in latitude and longitude (Hassen, 1983). In addition, faults have not 
been sufficiently investigated to yield the certain information about recent 
activity needed to be able to predict earthquake occurrence in Libya 
(Hassen, 1983). Therefore information on seismicity related to the seismo-
tectonic setting in Libya must be obtained from an instrumental recording of 
international seismology, nearby seismic stations exist in Rome, Athens as 
well as in Egypt (Hassen, 1983; Al-Heety, 2013).  
 
However, the majority of seismic activity of Libya is particularly concentrated 
in three zones, (i) near Hun Graben domain, (ii) NE Libya (Cyrenica platform) 
domain and (iii) NW Libya domain. The location of earthquakes is close to 
the transition zones between the stress zones in northern Libya. 61 
earthquakes of different magnitudes have been recorded in Libya for the 
period from 1900 to 2005 and a low heat flow have been recorded in this 
region that suggest the deep intraplate seismicity (Fig. 3.18a) (Nyblade et al., 
1996; Al-Heety, 2013). In general terms, activity of earthquakes seems to be 
concentrated in two regions, the first of which is the Hun Graben area  
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between 15° to 17°E whereas the second is located between 21° to 25°E  in 
the eastern part of Libya (Fig. 3.18c). 
 
Seismicity of Libya has been classified into four categories by Hassen (1983) 
based on observed and expected magnitude seismic activity (Fig. 3.18b). 
The highest magnitude is concentrated around Hun Graben (north-central 
Libya) and NE Libya, whereas the southern part of Libya is considered to be 
seismically stable (Al-Heety, 2013). Statistical analysis was also made by 
Hassen (1983) to evaluate the frequency-magnitude relation of seismic 
activity in Libya during the period from 1963 to 1982. He inferred that around 
140 earthquakes would be occurred in Libya with magnitude equal or greater 
than 5 every 100 years, while one earthquake would be expected with 
magnitude equal or more than 7 every 100 years.  
 
Although Libya is generally considered as a low to an intermediate seismic 
region, some areas have experienced large earthquakes during the last two 
centuries. At the beginning of 19th century, many earthquakes associated 
with aftershocks have been recognised in Libya. In 1935 seismic stations in 
many parts of the world recorded a series of the earth-shock with epicentres 
in the Hun Graben region. The strongest of these earthquakes had recorded 
magnitude (7.1), and two of the aftershocks recorded magnitudes of 6.0 and 
6.5 (Hassen, 1983; Johnston 1989; Suleiman and Doser, 1995). The same 
region was shaken by two major earthquakes of magnitudes more than 5 in 
1939 and 1941. Subsequently, a number of earthquakes have been recorded 
in the Hun Graben during 2000 and 2001. The Hun Graben is defined as a 
prominent rift valley feature, extends NNW trend from the City of Hun in the 
south to Al Qaddahia town in the north. The situations of epicentre have 
been determined during the period 1935 to 2001 which are clustered in the 
similar trend of the Hun Graben seismic activity appears to be condensed 
along the eastern side of the Hun Graben (Suleiman et al., 2001; Suleiman 
et al., 2004). Therefore, the Hun graben of the western of the Sirt Basin is 
still tectonically active and manifested in the surface topography, and 
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substantial fault displacement can be mapped at the surface (Suleiman and 
Doser, 1995; Suleiman et al 2004).  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18. a) Distribution of epicentres of the earthquakes in Libya during 
the period from 1900 to 2005 (modified from Al-Heety, 2013). b) Showing 
seismicity of Libya subdivided into four categories based on the magnitude of 
the earthquake (modified from Hassen, 1983). c) Histogram shows the 
magnitude and distribution of the earthquakes for the period from 1903 to 
1981 in Libya (modified from Hassen, 1983). 
 
Chapter 3: Regional geology and tectonics of central Libya 
 
99 
 
Furthermore, Boote et al. (2012) propose that the rifting of the Sirt Basin may 
still be active in offshore as well as in the Hun Graben area during the 
present-day (Abdunaser and McCaffrey, 2014). Schäfer et al. (1980) pointed 
out that the Hun Graben area represents a transitional zone from NE–SW 
stress domain to NW–SE stress domain which epicentres are clustered at 
that region. It can be suggested a stress concentration along this transition 
zone that is responsible for powerful earthquakes (Hassen, 1983). 
 
Other common earthquake had recorded in Al-Marj city, Jabal al Al Khadar 
area NE Libya, in 1963 with the magnitude 5.3. It was followed by five 
aftershocks; all of magnitudes are greater than 4 (Hassen, 1983). Many 
faults have recognised in this area cutting Tertiary carbonate rocks that seem 
to be responsible for the earthquakes in this zone. The epicentre of this 
earthquake was situated close the in situ stress site 18 (the highest 
compressive stress) (Fig. 3.17) that was measured by Schäfer et al. (1980). 
Despite this earthquake manifested a release of energy much less than the 
1935 earthquake at Hun Garben, it was caused heavily damage due to 
several reasons; (i) attributed to shallow focal depth, (ii) the presence of 
alluvium underlying Al-Marej city and extensive use of mud and stone in 
older structures. By contrast, Hun Graben area was not reported tremendous 
damage, although it was stronger, because Hun Graben area is an 
uninhabited area (Hassan, 1983; Suleiman et al., 2004).  Al-Heety (2013) 
has mentioned that the epicentres of Libya correspond to the distribution of 
the major tectonic features. It can be suggested that the reactivation of pre-
existing faults and variations of local stress regime are considered as 
causative mechanisms for seismicity in Libya. Most of these earthquakes are 
located along the Mediterranean coast which is dominated by NW–SE 
compressional mechanisms related to the collision between Europe and 
Africa (Craig et al., 2011). Majority of earthquakes in Libya occur at depths 
between 30–35 km (Al-Heety, 2013), thus increased seismogenic thickness 
corresponds to thick lithosphere underlain the region (Priestley and 
McKenzie, 2006; Craig et al., 2011) 
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Chapter 4: Research methodologies 
  
4.1 Introduction  
 
This chapter introduces the research methodologies applied in this study. 
The research workflow is given in Figure (4.1). The workflow involved 
selecting a suitable research outline method by choosing and using 
appropriate procedures for data collection and modelling.  
 
4.2 Data compilation during fieldwork at the AHVP 
 
The AHVP is remote and rather inaccessible and has difficult terrain, so the 
fieldwork of this research was shared with a team from the Industrial 
Research Centre (IRC), Tripoli, who were doing fieldwork as part of a 
geological mapping project in SE Libya. Prior to commencing any fieldwork, 
ascertain localities were selected, and access to the sites was negotiated. 
Many of the rugged localities were accessed only through valleys and 
seismic truck roads. The seismic truck roads in the Al Haruj region have 
been created by many oil companies during geophysical surveys (e.g., Fig. 
4.2). Most of the fieldwork was carried out on more recent lava flows in the 
north-eastern part of the AHVP (Fig. 4.3). Field measurements are collected 
with standard geologic field equipment. Compass clinometer was used in the 
field to measure the dip and strike of faults, extension fractures, and dykes 
while a standard tape measure was utilised to record dimensions of various 
volcanic features.  
 
The investigated basaltic rocks in the entire Al Haruj Volcanic Province 
(AHVP) show varied colours and morphologies on the Landsat imagery,  
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implying that were produced episodically rather than continuously (Busrewil 
and Suwesi, 1993; Peregi et al., 2003; Less et al., 2006).The stratigraphic 
volcanic sequence in the northern part of AHVP has been subdivided by 
earlier studies (e.g., Busrewil and Suwesi, 1993) into six major volcanic 
phases based on several factors used complementary; (i) the colour variation 
of lava flows on multispectral satellite imagery, (ii) drainage pattern density 
observable on aerial photographs, and (iii) morphological characteristics and 
degree of erosion processes observed in the field. The NE part of the Al 
Haruj region has not yet been studied in regards to physical volcanology. 
Hence further attention is needed, especially as the area hosts the youngest 
volcanic phases in the Al Haruj volcanic province and therefore presents the 
greatest risk of future volcanic activity in the region. The recent volcanic units 
are easily recognisable on satellite imagery owing to outstanding moonscape 
morphologies and well-preserved pahoehoe lava structures. These units 
tend to be coal black with a braided pattern of lava flows, often having small 
pits at their peripheral parts and dotted by a great number of small flat 
depressions that are filled with fine sediments. The surfaces of lava flow 
fields exhibit linear and relatively semi-equant tumuli in plan-view as well as 
lava rise plateaus. While the exposures of the older volcanic units, on the 
Landsat image, appear as grey to pale grey tone and are low lying and 
relatively flat relief (e.g., Less et al., 2006).  
 
The Al-Halaq al Kabir lava field has been previously mapped by Busrewi and 
Suwesi, (1993) and mapped as volcanic phase VI. During this study, we 
treated the unit of Busrewi and Suwesi, (1993) as an individual lava flow 
field. The Al-Halaq al Kabir lava field is restricted to the central part of the 
AHVP (Fig. 4.3). The map of Busrewi and Suwesi, (1993) was used as a 
primary guideline for the fieldwork campaign. Numerous lava rise structures, 
including tumuli developed in the medial and distal portions of the Al-Halaq al 
Kabir lava flow field during the last eruption (sometime during the Holocene) 
in the central part of the Al Haruj Volcanic Province (AHVP). These inflation 
features can be used to better understand the emplacement mechanism and 
to estimate duration of tumuli and lava rise plateaus in part of the Al Haruj 
Chapter 4: Research methodologies     
103 
 
region. Fieldwork involved describing morphologies and measurements of 
tumuli cross sections, surface profiles and axial inflation/circumferential crack 
depths as well as a sampling of the lava in order to determine physical 
properties such as Young’s modulus and density, the latter are discussed in 
detail  in section 4.7.  
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Field photograph showing a seismic truck road which provided 
access to some rough/rural sites. The seismic truck roads are made by oil 
companies during seismic operations. Note the person in the middle road 
(indicated by the red ellipse) provides scale.  
The duration of formation of  flow lobe has been estimated by Hon et al. 
(1994) who inferred a positive correlation between the thickness of the upper 
lava  crust and the square-root of time during owing to conductive cooling;     
Ct
28.164                                                                                               (4.1)  
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Figure 4.3. Landsat ETM+ image showing the extent of the Al-Halaq al Kabir 
lava flow field which represent the most recent lava flows at the AHVP. This 
lava flow field originated from a vent system (red spots) and generally flowed 
north-east for over 20 km (adapted from Satellite Imaging Corporation). 
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where  t   is the time in hours during which inflation occurs and C   is the 
thickness of the upper vesicular crust or maximum depth measured in 
inflation cracks (Fig. 4.4) (Hon et al 1994;Thordarson and Self 1998). This 
cooling model is currently widely using to estimate lava flow field duration for 
(e.g., Thordarson and Self 1998; Thordarson, 2000; Mattsson and 
Höskuldsson, 2005; Thordarson and Höskuldsson, 2008). Such data are 
extremely important for understanding better lava emplacement and 
assessment hazards.  In order to provide data for analytical and numerical 
models, detailed measurements of dimensions, maximum and minimum 
diameters of lava rises and large tumuli in plan-view have been taken using 
ArcGIS10.1. The emplacement and inflation of the Al-Halaq al Kabir lava flow 
field are covered in further detail in Chapter 7. 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Estimated duration of tumuli formation using a thickness of the 
upper lava crust and axial inflation cracks. The curves were plotted using the 
equation of Hon et al. (1994). There is a difference of about 10% in duration 
timescales between that estimated from the thickness of the upper vesicular 
crust (UVC) and the length of axial inflation crack depths (modified from 
Cashman and Kauahikaua, 1997; Mattsson et al., 2005). 
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4.3 Numerical modelling 
 
Numerical models have been increasingly applied to analysing structures 
and fluid flow in recent years as an alternative or compliment procedure to 
analytical solutions once the constitutive equations become more complex. 
Numerical models give more realistic results than other models where they 
can allow the implementation of mechanical heterogeneities within the 
Earth’s crust with real scale (Andrew, 2008; Henk et al., 2013; Bagnardi, 
2014; Hickey et al., 2013; Hickey and Gottsmann, 2014). The Finite Element 
Method (FEM) is one of many types of numerical models in which continuous 
systems are discretised into numerous simple and small pieces termed finite 
elements (Deb, 2009; Henk et al., 2013). It is inevitable to construct an 
assumption for each individual element. This assumption is considered as 
the basis for the evolution of finite element analysis procedure. The set of 
simultaneous equations are subsequently elaborated for describing the 
constitutive equation with regard to discrete nodal point values of the primary 
variable. After that, each of these elements is integrated by proper 
compatibility relations among them and a global set of simultaneous 
equations is acquired (Deb, 2009).  
 
The application of loads and boundary conditions are eventually manipulated 
to the global set of simultaneous equations, and these equations are solved 
implicitly using a workstation (Deb, 2009). Modelling using the finite element 
method can be carried out with multiple rock strata having different values of 
toughness and Young’s modulus and applied to multiple loading and 
boundary conditions, in order to obtain the likely intricacies and yield realistic 
of the magmatic plumbing system dynamics (Hickey and Gottsmann, 2014). 
This approach can also save enormous amounts of time and money with 
accuracy (Grosfils, 2007; Deb, 2009; Hickey et al., 2013). The finite element 
methods are used in this study to calculate the local stress fields associated 
with magma reservoir/chamber and dyke propagation. Thus the FEM is 
considered as an excellent facility to analyse and interpret magma plumbing 
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systems and is widely applied to analyse and explain the mechanisms of 
caldera collapse and improve understanding of how magma transports 
through the Earth’s crust (cf. Andrew, 2008; Barnett and Gudmundsson, 
2014; Hickey and Gottsmann, 2014; Browning and Gudmundsson, 2015; 
Karaoğlu et al., 2016). Improvement in computing speed and digital storage 
capacity produces versatile finite element method (FEM) software (Deb, 
2009; Hickey and Gottsmann, 2014), such as Ansys (www.Ansys.com) and 
Comsol Multiphysics (www.comsol.com). A series of numerical models have 
been run to explain conditions of dykes deflection and arrest within strata or 
at stratum contacts or other discontinuities, alternatively, how dykes are 
emplaced and propagated to build up volcanic edifice on the surface. The 
magma chamber/reservoir was generally modelled in all study areas as a 
hole for a two-dimensional model or penny-shaped, sill-like, in three-
dimension within the Earth’s crust and subject to various loading conditions. 
All numerical models were performed in this thesis using Comsol 
Multiphysics (www.comsol.com). 
 
4.3.1 Comsol Muliphysics 
 
Comsol Multiphysics is a finite element analysis (FEM), solver and simulation 
software package for various physics applications (Barnett and 
Gudmundsson, 2014). It is extremely well-tested (Hickey and Gottsmann, 
2014, Browning, 2015). Comsol enables the creation of two-dimensional and 
three-dimensional models and stress visualisation behaviour of structures 
which allow to the user to elucidate results more efficiently. There are three 
main stages to producing a numerical model using the Solid Mechanics 
module of Comsol. This module solves Navier-Cauchy equations for linear 
elastic stress as a result of load application and boundary conditions 
(Browning, 2015) (Fig.4.5). First of all, a pre-processing stage involves the 
input of geologically relevant geometries using the Structural Mechanics  
 
Chapter 4: Research methodologies     
108 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5. Workflow showing the main processes to produce a numerical 
model using Comsol Multiphysics.   
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module and selecting the stationary study since time does not have influence 
on the model. The geological structures were designed in CorelDRAW X7 
and imported into Comsol with a DXF format. Dykes and magma 
chamber/reservoir is always modelled as cavity. It is important to mention 
that geometries are not situated near to the edge of the model where they 
will be later fastened to avoid rigid body rotation and displacement. 
 
 
 
 
 
 
 
Figure 4.6. a) Configuration of the finite element model (FEM) shows 
geometries and mechanical properties (Young’s moduli and densities) that 
represent heterogeneity in the Earth’s crust. The model is fixed at the bottom 
and lateral edges to avoid any rotation or displacement in these places. The 
dyke is modelled as an elliptical cavity with a magmatic overpressure of 10 
MPa as the only loading. b) A triangular mesh finite element was used for the 
inner part of the model. Note the mesh has been made to be the highest 
resolution around tips of the dyke with minimum size ≈ 1 m whilst triangular 
meshes become wider at the distal areas with maximum element size ≈ 12 m.  
 
Secondly, analysis or process stage where suitable values for the geological 
geometries are set. These parameters involve, for example, Young’s 
modulus, Poisson’s ratio, rock density, loading (magmatic overpressure or 
excess pressure) (Fig. 4.6a). The full range of model details, including 
descriptions of input parameters are given in Chapters 5 to 9 on the basis of 
the nature of the scientific problem. The boundary conditions are often 
applied to the lateral ends of the model to simulate remote-field tectonic 
stresses. Models were fixed at the bottom and/or later edges to avoid rigid 
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body rotation and translation (displacement being zero in all directions). 
Elastic material models are considered as linear elastic through Hooke’s law. 
 
The entire volume of the model is discretised into triangular or quadrilateral 
mesh elements or other simple convex polygons in order to produce a 
suitable solution for calculating stress (Fig.4.6b).  Triangular meshes were 
used during this study for all two-dimensional models. Mesh elements differ 
in size throughout models providing fine scale close to an area of interest but 
become coarser in far away from stress concentrations (Fig. 4.6b). The last 
process in numerical modelling is called post-processing, here Comsol 
Multiphysics produces a variety of graphic tools which can be used to 
critically evaluate and assess the distribution of stress. The magnitude of the 
maximum tensile principal and shear stresses are always presented as 
colour contours in mega-pascals whilst the maximum compressive stress are 
plotted as trajectories (cones or arrows) alongside the colour contours of the 
maximum tensile stress to identify the propagation path of dyke. A dyke is 
primarily an extension fracture and hence propagates in the direction of the 
maximum compressive principal stress. Figure 4.7 shows a two-dimensional 
and three-dimensional visualization of the model result for shallow a magma 
chamber subjected to two different types of loading. Firstly, internal 
magmatic pressure (5 MPa), using excess pressure in the magma chamber 
in all models rather than total pressure, due to the effects of gravity are 
automatically considered (Gudmundsson, 2012). Secondly, the far-field 
extensional regime has a value of -5 MPa as the loading so as to be in 
agreement with the commonly measured maximum in situ tensile strength of 
rock (Gudmundsson, 20016). The tensile stress at the surface cannot 
exceed the maximum in-situ tensile strength and is thus generally less than 6 
MPa (Gudmundsson et al., 2008). This topic is covered in more detail in 
Chapters 5, 6 and 8. However, results of numerical models are always 
associated with a small carton illustrating the area modelled, type of loading, 
boundary conditions and the area given in the result.  
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Figure 4.7. a) 2-D and 3-D 
numerical model setups on 
the left and right side 
respectively. Model setups 
showing an oblate ellipsoidal 
magma chamber within an 
elastic homogenous host 
rock subject to internal 
magmatic excess pressure (5 
MPa) and far-field extension(-
5MPa) as loading, indicated 
by black arrows. The length 
(2a), width (2b) and thickness 
(2c) of the magma chamber in 
3-D model setup are 
indicated by red arrows. b) 
Both models are discretised 
the entire volume into free 
triangular elements for 2-D 
and tetrahedral elements for 
3-D with maximum resolution 
at the lateral tips of magma 
chamber. The model results 
show (c) the maximum 
tensile stress 
3 and (d) Von 
Mises (shear) stress   which 
is mainly concentrated at the 
lateral ends of the magma 
chamber and above at the 
Earth’s free surface. e) 
Magnitude of tensile and 
shear stresses along a 
horizontal plane at surface 
(free surface). f) Magnitude of 
tensile and shear stresses 
along a horizontal plane 
above the magma chamber. 
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In this thesis, all numerical models were created according to the tectonic 
setting of each specific area with varying levels of complexity. Different 
values of static Young’s modulus or elastic modulus and density are used in 
some models to correspond with heterogeneity and anisotropy within the 
Earth’s crust. The Young’s modulus is a measure of the stiffness of a solid 
material and defined as the relationship between stress and strain in the one-
dimensional Hooke’s law and is revealed by the slope of the stress-strain 
curve (Jaeger, et al., 2007).  Poisson's ratio of most rocks is in the range of 
0.1-0.3 (Pollard and Fletcher, 2005). Similar values have been obtained in 
laboratory tests on extracted core samples from the Sirt Basin (Qiu et al., 
2008). The Poisson's ratio used in all numerical models in this thesis 
allocated a typical average value of 0.25 (Gudmundsson, 2011).   
 
4..4 Geographic Information System (ArcGIS) Technique 
 
This approach is a computerised database management system used to 
capture, manage, retrieve, analyse and visualise spatial information using a 
broad range of spatial operations and functions to produce a high-resolution 
image (Burrough and Andrew, 1996). Data were used in ArcGIS 10.1 that 
are mostly collected from published geological maps, satellite imagery, and 
field observations. The hard copies of the geological maps are transferred 
into a digital medium through the use of geo-referencing capabilities (Fig. 
4.8).  Data are georeferenced to the coordinates of a particular system (WGS 
1984) that allows accurate placement of geological features such as lava 
shields, scoria cones, and faults and maintains the spatial relationships 
between mapped features. Therefore, referenced data can be overlaid to a 
better understand relationships, patterns, and trends between volcanoes and 
structural elements. In addition, ArcGIS is utilised to link the spatial and 
attribute data. Spatial refers to how geographic space is visually represented 
such as the X Y coordinates of a volcano eruption would be its spatial data. 
Attribute data describe the spatial data, and in ArcGIS are stored in the 
attribute table that stores quantitative and descriptive data (Hall, 2014). 
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There are two basic spatial data types used to enter data into ArcGIS where 
it is stored in a digital format. Raster (gridded) data are discrete cells 
arranged in a rigid row by column format such as satellite imagery and aerial 
photography. Each cell stores a value, for instance, elevation or chemical 
concentration that represents continuous data (Hall, 2014). Vector data 
conversely uses points, polylines, polygons and triangulated irregular 
networks (TINs) to represent geological features (non-continuous data) on 
the Earth’s surface like volcanoes and lineaments. Most commercial GIS 
systems provide facilities for both types of data. Each vector dataset consists 
of a main shape file (.shp) and extensions (an index file (.shx) and a dBASE 
(.dbf) (Hall, 2014). 
 
 4.4.1 Spatial density of volcanic eruptions 
 
Lava shields, scoria cones, spatter cones, dykes, volcanic fissures, and 
maars were identified using published geological maps combined with 
satellite imagery. The geologic maps of the AHVP exhibit numerous eruption 
points, including both the Al Haruj al Aswad and the al Abyad subprovinces. 
These maps originate from a series of publications during the last three 
decades by Woller (1984); Vesely (1985); Busrewil and Suwesi (1993); 
Peregi et al. (2003); Less et al. (2006). Some of the volcanoes do not 
correlate closely with satellite imagery during this study, particularly with old 
published geological maps where the error reaches to hundreds of meters. 
Therefore, this study allowed us to correct geographic coordinates of some 
lava shields at the AHVP. Except for these geological maps and limited 
studies of eruptions types, little is known about volcano-tectonic structures 
and long term volcanic activity, mechanism of lava emplacement   of the 
AHVP from early Pliocene up to present time. The exact number of eruption 
points in the entire AHVP was previously undetermined. In this thesis, a new 
estimation of the number of volcanic points was performed, on the basis of 
integrating remote sensing imagery with the geologic maps of the region. 
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ArcGlobe 10.1 is used to plot volcanic eruptions accurately, fissures and the 
distribution of lava flows using the zoom, pan, and tilt functions (Lesti et al., 
2008; Boyce, 2013). The volcanic points are recognized on this satellite 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Data processing workflow of ArcGIS gives an overview of the 
steps in creating spatial density and alignment of volcanoes along with 
calculate the size of lava-shields in the AHVP. 
 
imagery and saved in point shape files (.shp) which allow features like 
coordinates and their associated placemarks to be displayed on geospatial 
software ArcGIS 10.1 (Fig. 4.8). The volcanic edifices are generally 
characterised by circular morphology either in positive relief features such as 
lava shields and volcanic cones or in negative relief features formed 
destructive activity such as maars, calderas, and craters (Lesti et al., 2008). 
Both constructive and destructive volcanic activity can occur in the same 
volcanic edifice (Nakamura, 1977, Lesti et al., 2008). The recognition of 
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these volcanic features is made according to their features. The perfect 
geometric resolution of satellite imagery through ArcGIS has allowed the 
identification most of the volcanic vents.  
 
The spatial distribution of volcanic eruptions was analysed by processing a 
density map through ArcGIS 10.1. A point density map is defined by 
calculating a magnitude of events per square kilometre that fall within a 
circular neighbourhood with a given radius around each cell (Silverman, 
1986). A neighbourhood is defined around each raster cell centre, and the 
cumulative number of points that fall within the neighbourhood is calculated 
and divided by the area of the neighbourhood (Silverman, 1986). The density 
map is computed using a search radius value of 40 km to highlight the large 
crust scale distribution on the constructed density map (Lesti et al., 2008), 
and an output raster cell size of 1 km as computed by ArcToolbox, 3D 
Analyst Tools. Then Spatial Analyst Tools (Fig. 4.9) calculates a density of 
eruption points that fall within a neighbourhood of 40 km around each cell. 
Large values of radius produce a more generalised density raster and do not 
change the calculated density values. In spite the fact that more points will 
fall inside the larger neighbourhood, this number will be divided by a larger 
area when calculating the density. The main effect of a greater radius is that 
density is calculated considering a larger number of points (Silverman, 
1986).  The density distribution map is interpreted the main relative maxima 
accumulated of volcanic eruptions and overall trend. In other words, the 
monogenetic volcano/eruption site density map shows the number of 
volcanoes per square kilometre using the total number of volcanoes that fall 
within a circular neighbourhood (40 km) around each cell as follows;   
oodneighbourhcircularaofArea
volcanoesofnumberTotal
densityVolcano                (4.2) 
The volcano density map consequently subdivided into several zones or 
classes based on the intensity of volcanoes per unit area (Fig. 4.9). 
 
Chapter 4: Research methodologies     
116 
 
4.4.2  Spatial alignment of volcanic eruptions 
 
Alignments of eruptive structures are obvious through the satellite imagery, 
which contain at least three volcanic cones that are traced on ArcGlobe 10.1 
and saved in polyline shape files (.shp). These files are then displayed within 
ArcGIS 10.1 (Fig. 4.8). Each alignment is marked by orientation, length, edge 
coordinate and number of the volcanic eruption (density). Subsequently,  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. Dialog box showing the statistics data and break values for 
intensity of volcanoes per square kilometre within a circular neighbourhood 
40 km.   
 
GEOrient software 9.1 is executed to plot the direction of alignments in rose 
diagrams. The spatial distribution of alignments was analysed with each 
recognised area in AHVP. The orientation of feeder dykes in the AHVP can 
be inferred from volcanic alignments and morphology. Therefore, these 
alignments can be used to deduce the paleostress field during the dyke 
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emplacement (Bosworth 2008; Paulsen and Wilson, 2009). Further detail is 
covered in chapter 5, 6, and 8. 
 
4.5 Size, distribution and slope of lava shields 
 
The location, basal radius, and height of lava shields are extracted from high-
resolution land sat images and available geological maps. The base of a 
volcano is determined where the generally equidistant around volcano 
become somewhat wider and flat (Hasenaka, 1994). In cases where the 
bases of two or more volcanoes overlap, the height is recorded at the rim of 
the overlap (Hasenaka, 1994). The basal radius of volcano is calculated 
based on the principal of triangular. The volume of lava shields is generally 
computed by approximating its shape as a truncated cone for flat-topped 
volcanoes (Fig. 4.10); 
hrrrrrconetruncatedofvolumeV )(
3
1
)( 22211
2
1               (4.3) 
where 𝑟1 𝑎𝑛𝑑 𝑟2   are the base and top radius of shield volcanoes, 
respectively, whereas ℎ is height. 
Cone shape is also used for calculation conical-topped volcanoes.  
3
)( 2
h
rconeofvolumevolume                                                             (4.4) 
Slope angle is estimated as the tangent of the height to basal radius ratio
 )/(tan 1 RH , for example (Fig. 4.11). It is effectively a method to explain the 
tendency of the steepness of the lava shields and useful to compare the Al 
Haruj volcanic province with other terrestrial shield volcanoes such as   
Iceland and Hawaiian.  
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The geometry area of volcanoes and volcanic fissures can be calculated 
using ArcGIS with several steps.  The polygon shape.file is created in 
ArcCatalog and then imported into ArcMap to calculate the area of the 
volcanic feature (Fig.4.11). ArcGIS uses planimetric algorithms to calculate 
geometry such as area. The ArcGIS needs to work with projected coordinate 
systems (PCS) rather than geographic coordinate systems in order to 
calculate areas (Hall, 2014). Frequency histograms and statistical analyses 
for height, basal radius, and slope angle as well as volume of lava shields 
were created by Excel software for distinctions between different volcanoes 
within the AHVP. 
 
The delineation of different types of volcano-tectonic elements at the Tibesti 
Volcanic Province (TVP) together with their assignment to the relevant 
volcanic events the main volcanic units of the Tibesti Volcanic Province 
(TVP) was studied in a detail by using ArcGIS 10.1 along with detailed 
geological map created by Deniel, et al. (2015) as a baseline. The geometry 
of each volcanic unit at this volcanic province is defined by its length, width  
 
 
 
 
 
 
 
Figure 4.10.  Conical shapes are assumed in calculating lava shields volume.  
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(diameters), area, volume and depth or thickness. Subsequently, the area of 
the collapse caldera at the TVP used to estimate the cross-sectional area of 
the associated magma chamber (cf. Marti et al., 1994; Marti and 
Gudmundsson, 2000; Acocella, 2007). The subject is studied further detail in 
Chapter 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4..11. Slope angles of lava shields have been calculated from height 
and basal radius of the shields.  a) Lava shield for the first volcanic phase 
while b) lava shield for the third volcanic phase. The cross-sectional area of 
lava shield (c) and lava rise (d) have been calculated using ArcGIS 10.1 and 
associated with attribute table.  
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4.6 Using the ground-based data and satellite imagery to evaluate error  
 
Lengths and thicknesses of dykes, and areas and heights of lava shields as 
well as areas and diameters of inflation features were measured from 
satellite imagery, independent estimates for some of these volcanic features 
obtained using field surveys. The latter data were used as an accuracy 
assessment for critical evaluating uncertainty or error and considered here 
as true or reference value. The error is generally defined as the difference 
between a measured value and its actual value (reference value) (Dodge, 
2003). The percentage of error can be found by this equation; 
100*
fieldtheinmeasuredthicknessorLength
measuredremoteandfieldbetweenDifference
errorpercentageThe   (4.5) 
The images are detailed enough in the three studies areas with high 
resolution leading to reduced errors as far as practicable. Images are 
allowed precisely mapping various volcanic features particularly in the Al 
Haruj and Tibesti volcanic provinces. Figure (4.12) involves two examples to 
explain to how estimated error percentage. Figure (4.12a) illustrates the 
same feeder dyke as observed in the field and on the satellite imagery. The 
measured thickness of this dyke in the field was 0.72 m while its thickness 
measured from satellite imagery as 0.80 m. The difference between field and 
remote measurement in this case was around 0.08 m.  From Eq. (4.5) the 
percentage of error for thickness is approximately ±10%. Similarly, the length 
measured in the field was 14 m whereas from satellite imagery was 13 m. 
Hence the percentage of error this case was ±7%. Figure (4.12b) shows a 
volcanic fissure observed in the field with a thickness (paleo-opening) of 
approximately 1.1 m while on the satellite imagery its thickness is around 1.2 
m. In meanwhile its length in the field was 175 m and on satellite imagery is 
170 m. Hence the errors for thickness and length from Eq. (4.5) are 14% and 
3% respectively. Furthermore, the perfect correlation of determinations of 
thicknesses (aperture or paleo-opening) (R2=0.99) and lengths (R2=0.99) for 
16 points measured in the field and from satellite images at scattered 
locations at the AHVP which indicates a sufficient and accurate method (cf. 
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Chen et al., 2014) (Fig. 4.13a, b). However, the percentage of error obviously 
gradually decreases with increasing thickness and length of dyke/volcanic 
fissure due to the resolution becoming higher and more confident, 
particularly when the areas and heights/depths for lava shields and collapse 
calderas are measured.    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12. a) Large ridge (probably a volcanic plug or neck) in the north-
eastern of the AHVP which is dissected by several dykes. One of these dykes 
is marked by red ellipse on the left. The same dyke is marked by red ellipse on 
the satellite imagery. b) Volcanic fissure observed in the field on the left and 
the same volcanic fissure recognised on the satellite imagery on the right. 
The inset map shows the location.  
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Figure 4.13. Graphics showing the relationship between 16 points measured 
in the field and from satellite imagery at the AHVP (a) thickness (paleo-
opening) and (b) length. R2 is coefficient of determination.   
 
4.7 Dynamic Young’s modulus using ultrasonic wave velocities 
 
The texture, mineral, and chemical composition of most basaltic rocks entire 
AHVP exhibit great similarity (Busrewi and Suwesi, 1993; Peregi et al., 2003; 
Less et al., 2006; Cvetkovic´ et al., 2010). During this study, four samples 
were collected from fresh and more recent lava flows at the NE part of the 
AHVP in order to measure their Young’s moduli.  The Young moduli, then, 
have been used to calculate flexural rigidly for those rocks in order to 
estimate magmatic over-pressure caused inflation features.  
 
Two alternative techniques are commonly used to determine the Young’s 
modulus of rocks; (i) ultrasonic wave velocities are used to determine 
dynamic Young’s modulus, whilst (ii) uniaxial compressive strength (UCS) 
tests are used to measure static Young’s modulus through measuring the 
stress and strain as the sample in compressed. The present study is 
employed the former method then used certain equations in order to 
estimate the static Young’s modulus. However, the sample preparation and 
ultrasonic wave velocity measurements have been done at the Rock and Ice 
Physics Laboratory at University College of London (UCL). All core samples 
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used in this study were taken from the upper lava crust of inflation features. 
The ultrasonic wave velocity measurements were made parallel to the core 
axis but also at different intervals radially around the core axis in as 
illustrated in Fig (3.14a).  
 
A DPR300 35MHz Ultrasonic pulser/receiver was connected to an Agilent 
Technologies 1.5 GHz oscilloscope and was used to excite a Panametrics 
V103 P-wave transducer at 1 MHz resonance frequency. Waveforms 
captured from an identical transducer were subsequently displayed on the 
digital oscilloscope (Fig. 4.14b). The time difference between the initial pulse 
and the first arrival was measured as the P-wave travelled through the 
sample. This procedure was repeated with polarised S-wave transducers in 
order to measure the travel time for an S-wave to cross the sample. P-waves 
reached the transducer prior to the S-waves due to their higher velocity. 
Therefore, P-waves are usually hidden by the arrival of S-waves, but the 
amplitude of S-waves is often greater than the P-waves. Subsequently the 
sample is rotated to measure anisotropy within the same sample (Fig.4.14a). 
Acoustic wave velocities are calculated from the measured time of 
compression (P) and shear (S) waves to cross the sample (Fig. 4.14c). The 
P-wave velocity rather than S-wave velocity measurements are commonly 
used to calculate the sample anisotropy as there is greater amount of 
confidence in the P-wave velocity readings (Modi et al., 2016). Therefore the 
P-wave anisotropy throughout the samples in different orientations can be 
found by equation (4.6), given by Benson et al. (2005); 
 
v
vv
P
pmean
pp
V
minmax 
                                                                                       (4.6) 
PV is the anisotropy parameter and v pmax, v pmin , vpmean is the maximum, 
minimum and average P-wave velocities respectively. Thus the P-wave 
anisotropy of the four samples in the multiple orientations (axial and radial) is 
less than 10 % which indicates that the basaltic rocks at the AHVP little 
anisotropy, and can be considered as isotropic or weakly anisotropic.  
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Figure 4.14. a) The core holes are around 29 mm in diameter, and the cores 
produced from these holes are 25 mm in diameter. The lines marked on the 
samples refer to a function of azimuth to measure anisotropy within each 
sample in various orientations. b)  Oscilloscope and jig were used for 
measuring ultrasonic velocities. c) The first arrival P-waves are indicated by 
the red box while S-waves are characterised by greater amplitude and marked 
by the green box.   
 
The P and S-wave velocities and bulk density are used to calculate the 
dynamic Young’s modulus based on equation (4.7) ( Jaeger et al., 2007); 
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where Edyn  is dynamic Young’s modulus, V p  is the compression seismic 
velocity, V s  is the shear seismic velocity,   represents  the bulk density of 
the core sample where it is found from mass and volume (kg/m3). The 
relationships between the static and dynamic moduli for different rock types 
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are somewhat complex (Eissa and Kazi, 1988, Brotons et al., 2015). There 
are many investigations that try to correlate the static and dynamic moduli for 
different types of rocks (e.g. Christaras et al., 1994; Brotons et al., 2015). For 
example; Eissa and Kazi (1988) performed a statistical relation to estimate 
the static E st from dynamic Young’s modulus Edyn that may be crudely valid 
for all rock types as follows;  
82.074.0  EE dynst                                                                                   (4.8) 
From laboratory measurements, the dynamic modulus is usually 
approximately twice that of the static modulus, but in the field, this ratio 
varies from 1.5 to 9.1 for most volcanic rocks depending on many factors 
such as fractures, cavities, and planes of weakness (Gudmundsson, 1990). 
In addition, the in-situ Young’s modulus is likely to be lower (1.5 to 5 times) 
than the core-sample (Gudmundsson, 2011).  
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The Al Haruj intra-continental Volcanic Province (AHVP), located at the south-western margin of the Sirt Basin,
hosts the most extensive and recent volcanic activity in Libya - which is considered typical for plate interiors.
Fromnorth to south the AHVP is divided into two subprovinces, namely Al Haruj al Aswad and Al Haruj al Abiyad.
The total area of the AHVP is around 42,000 km2. Despite the great size of the AHVP, its volcano-tectonic evolu-
tion and activity have received very little attention and are poorly documented and understood. Herewe present
new ﬁeld data, and analytical and numerical results, on the volcano-tectonics of the AHVP. The length/thickness
ratio of 47 dykes and volcanicﬁssuresweremeasured to estimatemagmatic overpressure at the time of eruption.
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ﬁssure eruptions and numerical models to illustrate how some of the
dykes may have used steeply dipping normal-fault zones, which are
abundant in the area, as part of their paths to the surface.
2. Geological background of the AHVP
The Al Haruj Volcanic Province (AHVP) is located at the south-
western margin of the Sirt Basin, one of the main structural elements
of North Africa. It follows that the AHVP volcano-tectonic evolution
and history is strongly related to the tectonic evolution of the Sirt
Basin (Fig. 2). The origin of the volcanism in the Al Haruj province and
its volcanic-tectonic evolution are still poorly constrained despite
more than ﬁve decades of intensive hydrocarbon exploration and the
discovery of numerous oil and gas ﬁelds in the Sirt Basin.
Many different models have been suggested for the geodynamic
setting of the AHVP. Burke (1996) suggests that the Miocene volcanism
of Libyawas related to the passage of African plate over a relatively ﬁxed
asthenosphere hotspot or plume. This is currently not regarded as a very
e-
provinces does not ﬁt well with the movement of the African plate
(Farahat et al., 2006; Mohamed, 2014), and (2) peridotite xenoliths in-
dicate a cold lithosphere rather than hotspot at the time of volcanism
(Peregi et al., 2003; Less et al., 2006).
Alternatively, Klitzsch (2000) suggests that the volcanic products of
the AHVP relate to relative tensile stresses associated with the reactiva-
tion of threemajor structural elements. These elements are (1) theNW-
SE trending Palaeozoic South Al Haruj Uplift, (2) the NE-SW trending
Tibesti-Sirt Uplift (Hercynian Orogeny), and (3) the continuation of
the Cretaceous–Tertiary Hun Graben (Peregi et al., 2003). In contrast
to the other volcanic provinces in Libya, the AHVP is associated with
major structural elements that have affected its volcano-tectonic devel-
opment and may, partly, be the reason for the great size of the AHVP
(Farahat et al., 2006).
The primary magmas may have been produced in relation to litho-
spheric delamination. This is plausible given the rifting of the Sirt
Basin since early Cretaceous, inducing low-degree partial melting at
depth in the upwelling asthenosphere (Less et al., 2006). Also, the
P may partly relate to periods of
Fig. 1. a) Satellite image shows the fourmain occurrence of Tertiary–Quaternary volcanic provinces in Libyawhich are situated along the axis of the Palaeozoic Tripoli Tibesti Uplift. The Al
Haruj Volcanic Province (AHVP) is located at the south-western margin of the Sirt Basin, Central Libya. b) Geological map showing the main structural elements and distribution of
eruption points or eruptive centres and more recent lava ﬂows on the Al Haruj Volcanic Province. Green stars indicate the location of dykes and volcanic ﬁssures. Some of the dykes
were mapped by Less et al. (2006). JGVP = Jabal Gharyan Volcanic Province, JAVP = Jabal as Sawda Volcanic Province, JNVP = Jabal Nuqay Volcanic Province, AHAS = Al Haruj al
Aswad Subprovince, AHBS = Al Haruj al Abyied Subprovince.
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rejuvenation of pre-existing fault system in response to late Tertiary ex-
tensional tectonic events most likely related to Africa-Eurasia conver-
gence (Cvetković et al., 2010). But the time gap between the main
syn-rift phases of the Sirt Basin (late Cretaceous–Eocene) and the volca-
nism (from early Pliocene to late Pleistocene) is still largely unexplained
and debated.
Many authors (i.e. Less et al., 2006) have suggested the magma of
the AHVP migrated partly along crustal weaknesses. Yet, the exact pro-
cess of magma channelling along such weaknesses has not been
analysed. Here we explore the role of volcano-tectonics at a crustal
scale in the evolution and activity of the AHVP and suggest an alterna-
tive mechanism for magma-fault interaction, including new ﬁeld data
andnumericalmodels on volcano-tectonic interactions and stressﬁelds.
In particular, we notice and explore several aspects of the activity of the
AHVP, including (1) while AHVP covers a large area, the cumulative
thickness of the basaltic sequence generally does not exceed 140 m
(Paciﬁc Aero Survey, 1979; Peregi et al., 2003), which may indicate
low eruption rates (Le Corvec et al., 2013). (2) The magma is generally
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the extension fractures being volcanic ﬁssures and dykes (Peregi et al.,
2003; Less et al., 2006). The geometry and morphology of these linea-
ments were studied in more detail using ArcGIS 10.1 and multi-source
high-resolution remote sensing images for instance the satellite imag-
ery available on Google Earth (2015) for the central part of Libya. Digital
elevation model (DEM) and data collected by the NASA Shutter Radar
TopographyMission (SRTM)were also used. Google Earth imagery pro-
vides three-dimensional geospatial data through KeyholeMark-up Lan-
guage (KML). In AHVP, the images are detailed enough so as to provide a
resolution of about 2.5 m multispectral at nadir (Abdunaser and
McCaffrey, 2014) and allow measurements of the geometries of
volcanoes, volcanic ﬁssures, and dykes. The present study conﬁrms
that high-resolution remote sensing is an efﬁcient and accurate comple-
mentary method to traditional ﬁeld measurements of lineaments and
volcanoes in arid and remote areas (cf. Drury, 2001; Rajesh, 2004;
Chen et al., 2014; Abdunaser and McCaffrey, 2014) such the AHVP.
To deﬁne the main fracture patterns we analysed the azimuth
frequency distributions of lineaments, lineament length and dyke-
ineament densities (Wise et al.,
., 1999; Francesco and D'Orazio,
fractures are mainly conﬁned to
ovince that range in size from a
tres. The bedrocks in these areas
ows or Quaternary sand dunes
rouped based on types, and then
the directions of ﬁssures, dykes,
canic ﬁssures and dykes in the Al
Less et al. (2006). The dykes strike
irections which are generally par-
Sirt Basin and similar to the trend
sures. A minor dyke trend, from
Fig. 2. Tectonic map showing major structural elements of the Sirt Basin.
(Modiﬁed after Mouzughi and Taleb, 1981; Ambrose, 2000; Abadi et al., 2008).
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2006).
3. Geometry and morphology of fra
The Al Haruj Volcanic Province (AH
inantly extruded from hundreds of fe
sions are volcanicﬁssures,most ofwh
recent lava ﬂows (Busrewil and Suwe
the dykes and volcanic ﬁssures, as we
be seen in the ﬁeld as well as on Land
Field and remote sensing investiga
eaments in the AHVP are normal faultiﬁcant differentiation stages
s of major and some trace ele-
ions, suggestingmagmaorigin
at themagmaunderwent sim-
(Peregi et al., 2003; Less et al.,
res
) is thought to have been dom-
r-dykes whose surface expres-
however, are covered bymore
993; Busrewil, 1996). Some of
s numerous normal faults, can
images (Fig. 3).
s indicate thatmost of the lin-
d extension fractures, some of
thickness distributions, as well as l
1985; Abebe et al., 1998; Zakir et al
2003). The faults and the extension
scattered areas around the main pr
few to several dozen square kilome
are not usually covered with lava ﬂ
(Fig. 1b). The data are consequently g
GEOrient software was used to plot
and faults on rose diagrams.
4. Extension fractures
The only published studies on vol
Haruj Volcanic Province are those by
mainly from NW – SE to NNW–SSE, d
allel to the strike of major faults in the
of inferred and observed volcanic ﬁs
NNE-SSW to NE-SW, may be related to inheritance of Palaeozoic crustal
weaknesses (Less et al., 2006).
The thicknesses of the dyke segments are commonly 0.5–2 m thick
(Fig. 4), while somemay be as thick as 20m, and their lengths aremost-
ly 0.1–1 km (Less et al., 2006). These ﬁgures are similar to those of re-
gional dykes in many other volcanic areas (Gudmundsson, 1995;
Babiker and Gudmundsson, 2004). Some dykes in the eastern and
southwestern part of the AHVP form ridges (Fig. 3a, b). All dykes and
volcanic ﬁssures, as seen in the ﬁeld and on satellite images, are seg-
mented. Such segmented extension fractures, however, are normally
modelled as single fractures or cracks when the nearby ends of the seg-
ments are separated by less than 10% of the segment lengths, in which
case the segments actmechanically essentially as a continuous fractures
(Fig. 3c; Gudmundsson, 2011a). Remote sensing images have been used
to extract length, thickness, and strike of 47 dyke segments and volcanic
ﬁssures around margins of the Al Haruj Volcanic Province (Table 1, Ap-
pendix I), all parameters that are important when considering the me-
chanics of dyke emplacement and associated stress ﬁelds (Babiker and
Gudmundsson, 2004). The relation between lengths and thicknesses
of these extension fractures is roughly linear (Fig. 4), in agreement
with standard fracture-mechanics theory (Gudmundsson, 2011a).
4.1. Magmatic overpressure of the Al Haruj Volcanic Province
Amagma chamber ruptures and injects a dyke when the conditions
of Eq. (1) are met at any location in the walls or roof of the chamber, re-
gardless the shape of the chamber (Browning et al., 2015):
pl þ pe ¼ σ3 þ T0 ð1Þ
where pe is the excess magmatic pressure in the chamber at the time of
rupture, that is, the difference between the total magma pressure pt and
the minimum compressive (max-
he in situ tensile strength of the
the dyke begins to propagate up
agma overpressure in the dyke
ð2Þ
s themagma density, g is acceler-
ension and σd is the differential
is observed for a feeder-dyke
mundsson, 1990, 2011a).
asures the difference between the
um principal compressive stress
Fig. 3. a) Field photograph of large ridge (probably volcanic plug or neck) in the north-eastern of the AHVP known as Glyab Al-Baroad that is dissected by several dykes (arrows), which
also contribute to the ridge formation. The ridge stands tens of metres above its surroundings, being more resistant to erosion than Miocene host rock (Maradah Formation, calcareous
sandstones). The inset map shows the location. b) Landsat images showing two ridges of Dur Qrarat Amhamed in the southernmost part of the AHVP. These are interpreted as
volcanic ﬁssures (adapted from Google Earth). Both volcanic ridges constitute long NE-SW trending ﬁssures as well as short WSW-ESE trending connecting segments. Normal faults
are taken from Less et al. (2006). c) Segmented dykes are modelled as individual fractures when the nearby tips of the segments are spaced at short distances in relation to the
segment lengths. Here the maximum dyke thickness is 0.8 m (adapted from Google Earth). The inset map shows Oligocene-Miocene normal faults. The segments of dykes have similar
trend as the faults. Faults were mapped by Less et al. (2006).
latio
VP.
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dyke segments and volcanic ﬁssures on the AHlithostatic stress pl, and σ3 and T0 are
imum tensile) principal stress and t
chamber host rock, respectively. As
into the roof of the chamber, the m
becomes:
po ¼ pe þ ρr−ρmð Þghþ σd
where ρr is the host-rock density, ρm i
ation due to gravity, h is the dip dim
stress at the level where the dyke
(volcanic ﬁssure) at the surface (Gud
Themagmatic overpressure p0 me
total magma pressure and the minim
n between length and thickness of 47
R2 is the coefﬁcient of determination.
σ3, which acts normal to the dyke; p0 increases up along the dyke frac-
ture so long as the buoyancy term (ρr−ρm)gh is positive. During ﬁssure
eruptions, the overpressure p0 has large effects on the volumetric ﬂow
or effusion rate (Gudmundsson, 1990, 2011a; Kusumoto et al., 2013).
From the aspect (strike dimension/thickness) ratio of the dyke, its
overpressure po at the time of its formation can be calculated. The fol-
lowing equation supposes the magmatic overpressure is constant,
which is a good ﬁrst approximation generally and particularly when
there is limited data as to the exact thickness variations of dykes and
volcanic ﬁssures (Becerril et al., 2013):
po ¼
ΔuE
2L 1−ν2
  ð3Þ
Here ν is Poisson's ratio of the host rock, E its Young's modulus, Δu
themaximum aperture or thickness of the dyke, and L the strike dimen-
sion (horizontal length) of the dyke. Dykes are primarily extension frac-
tures that aremodelled as either through cracks (when feeders) or part-
pa
agm
namely the Earth's surface (Fig. 5; cf. Gudmundsson, 2011a). Non-
feeders propagate from one free surface (the source magma chamber)
and then become arrested at some depth below the surface, usually at
contacts between mechanically dissimilar layers (Gudmundsson,
2011b).
Lengths ofmeasured dykes and volcanic ﬁssures at AHVP range from
57 m to 1133 m and their thicknesses or openings (palaeo-apertures)
from0.42m to 2.1m (Appendix I). The estimated uncertainties or errors
in the measurements are 5% for length and 15% for thickness. Most of
the dykes and ﬁssures strike NW-SE. The average aspect (length or
strike dimension/thickness) ratio is 421, which is within a factor of 2
for aspect ratio estimates from other areas (Becerril et al., 2013). The as-
pect ratio dependsmuch on the stiffness or Young'smodulus of the host
rocks where the dykes/ﬁssures are measured.
The static Young modulus (E) of the uppermost crust of the Sirt
Basin, based on drill-core samples, is estimated in the range of 8–
20 GPa (Qui et al., 2008). The basement rocks in the south western por-
tion of the Sirt Basin are mostly granodiorite, granite, and metamorphic
of various types of sedimentary
likely to be lower than the core-
11a) and is here assumed in the
of most rocks is in the range 0.2–
of 0.25 (Gudmundsson, 2011a),
n laboratory tests on core samples
e assume the strike dimension
g dimension, that is, smaller than
ce magma chamber). This follows
mbers (the dip dimension) in the
gi et al., 2003), many times larger
of the dykes.
aspect ratios and inferred elastic
matic overpressure of individual
age aspect ratio, magmatic over-
o 19 MPa (E= 15). These results
(8MPa) is similar to those obtain-
ent volcanic provinces (Delaney
8; Geshi et al., 2010; Kusumoto
imum in-situ tensile strength of
oto et al., 2013). The higher value
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from one free surface (the source min areas where, like in the AHVP,
agma forming the dykes is great
rce chamber
ykes and inclined sheets. Under-
cement and propagation through
et al., 2014) is therefore crucial for
ectonic processes in general and
ular. Dykes occur mainly in elon-
ic system,whereas the shield vol-
nﬁned to the northern, central as
ince (Fig. 1b).
within themost important hydro-
he details of the geometry of sills,
tually fed the eruptions are still
ears, many models on intrusions
loped, focusingmostly on sill em-
right and Hansen, 2006; Polteau
2008; Gudmundsson and Løtveit,Fig. 5. a) Image showing several eruption poin
(adapted from Google Earth). b) Schematic illu
segments being extension fractures (mode I crac
from one free surface (magma chamber) to anoth
modelled as a through crack. The dyke length or
height or dip dimension. Therefore, the strike dime
(Modiﬁed after Gudmundsson, 2011a).rticular, feeder-dykes extend
a chamber) to another one,
rocks and overlain by around 2000 m
rocks. The in-situ Young's modulus is
sample modulus (Gudmundsson, 20
range of 7–15 GPa. Poisson's ratio ν
0.3; we use the typical average value
which is similar to ν values obtained i
in the Sirt Basin (Qui et al., 2008). W
(outcrop length) to be the controllin
the dip dimension (depth to the sour
because the depths to the magma cha
AHVP is estimated at 35–55 km (Pere
than the measured strike dimensions
From Eq. (3), using the measured
properties of the host rock, the mag
dykes can be estimated. For the aver
pressure is from 8 MPa (E= 7 GPa) t
are very reasonable. The lower value
ed in many other studies from differ
and Pollard, 1981; Poland et al., 200
et al., 2013) and is close to the max
rocks (Gudmundsson, 2011a; Kusum
(19 MPa) is similar to those obtained
the depth of origin of the basaltic m
(Becerril et al., 2013).
5. Magma propagation from the sou
Nearly all eruptions are fed by d
standing themechanics of dyke empla
the Earth's crust (e.g., Gudmundsson
a better understanding of volcano-t
those operating in the AHVP in partic
gated swarmsoutside themain volcan
canoes and scoria cones are mostly co
well as the southernmost of this prov
While the Al Haruj area is located
carbon sedimentary basin in Africa, t
dykes, and inclined sheets that even
poorly understood. In the past few y
in sedimentary basins have been deve
placement (Planke et al., 2005; Cartw
et al., 2008; Thomson and Schoﬁeld,ts/centres fed by a segmented dyke
2012; Holt et al., 2014). Sills can propagate laterally within basins for
ttain various shapes (Cartwright
wright, 2006; Gudmundsson and
dsson, 2014). However, magma
rough dykes, and outside central
stration of a segmented dyke, the
ks). When the dyke, as here, extends tens or hundreds of kilometres and a
and Hansen, 2006; Hansen and Cart
Løtveit, 2012; Barnett and Gudmun
transport to the surface is mostly th
er free surface (Earth's surface), it is
strike dimension is smaller than the
nsion is the controlling dimension.
volcanoes (where inclined sheets are common) almost exclusively so.
Here we therefore focus on dyke propagation.
5.1. Mechanics controlling the propagation of dyke
When a dyke injected from a source magma chamber meets a dis-
continuity such as a contact, it can respond in one of four ways:
(a) become arrested at the contact, (b) penetrate the contact and
continue its propagation towards the surface (perhaps eventually
erupting), and (c) change into sill through and single deﬂection or
(d) double deﬂection along the contact (Gudmundsson, 2011b;
Barnett and Gudmundsson, 2014). Arrest or deﬂection of a dyke at a
contact is controlled by three main mechanisms, namely:
a) Stress barriers (layers where the principals stresses have rotated so
as to become unfavourable for dyke propagation)
b) The Cook-Gordon debonding or delamination (induced dyke-
parallel tensile stress opens the contact ahead of the propagating
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5.1.1. Stress barrier (the rotation of the principal stresses at the contact
between layers)
This mechanism operates when a dyke meets a layer with local
stress ﬁeld that is unfavourable to dyke propagation (Barnett and
Gudmundsson, 2014; Tibaldi, 2015); namely, the maximum com-
pressive principal stress ﬁeld σ1 is rotated 90° so as to become hor-
izontal. Examples include contact where across which Young's
modulus changes abruptly (Fig. 6). Stress barrier thus partly
control the frequency with which injected dykes reach the surface
to feed eruptions (Gudmundsson et al., 2010).
5.1.2. Cook-Gorden debonding mechanism
Thedyke-parallel tensile stress induced aheadof propagatingdyke is
about 20% of the induced tensile stress of perpendicular to the dyke
(Fig. 7a) and can open up contact ahead of dyke tip if it reaches the ten-
sile strength T0 of the contact (0.5–9MPa andmost commonly 2–5MPa;
Gudmundsson, 2011a). On meeting the open contact then, depending
on the magmatic overpressure, the dyke either becomes arrested or
undsson, 2014) (Fig. 7b, c).
there is an abrupt change in the
g's modulus, across a contact (cf.
iﬁcally, when a dykemeets a con-
ase rate (a measure of material
for dyke deﬂection (into a sill)
enetration Gp, both in relation to
, α (Fig. 8; Gudmundsson, 2011a,
the dyke. There is little difference
e for a single or double deﬂection.
mismatch parameter, layer 1 (the
r 2 and there is little tendency to
ever, as the stiffness of layer 1 in-
the tendency to dyke deﬂection
there is no Young's modulus mis-
ion occurs only if contact material
ss of the rock on the other side of
h increases (to the right), howev-
contact toughness becomes equal
ayer 1.
ns
lcanic eruptions points (monoge-
are presented on a density map
plot the volcanic vents, with the
ent g the stress trajectories of the maximum
y re odel and subsequent models are ﬁxed at
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Several numerical models on dyke
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(FEM) software package for various
tions (Tabatabaian, 2014). The dyke
subject to constant magmatic overp
value based on the above range of 8–1
tical dimension or height of the mo
layers have the same Poisson's ratio
The models are fastened at the edges
translation. The direction of dyke pro
jectories or ticks showing the directio
pressive stress σ1. The contours of th
tensile stress, σ3, are also shown.
For a homogeneous and isotropic c
overpressure in the dyke it should
(Gudmundsson, 2011a). Field observ
dykes become arrested at contacts be
ered) crustal segments (Gudmun
Gudmundsson, 2015) and are thus n
stop altogether at the contacts, or chan
tential of developing into shallow m
models illustrate how arrest can occu
rest conditions indicated above, whic
Fig. 6. a) Model setup of two layers with differ
principal compressive stress σ1 represented b
the sides, indicated by crosses, to avoid rigid bodyin Young's modulus across a
erties andmaterial toughness)
ﬂection and arrest were made
.comsol.com), a ﬁnite element
sics and engineering applica-
e modelled as elliptical holes
ssure of 10 MPa (the typical
Pa estimated above). The ver-
is taken as a unit and all the
.25, and density, 2500 kg/m3.
avoid rigid-body rotation and
ation is inferred from the tra-
f the maximum principal com-
alculated maximum principal
t, so long as there is magmatic
ach the surface as a feeder
ns, however, show that most
een layers in anisotropic (lay-
son, 2011b; Browning and
-feeder dykes. The dykes may
into sills –which have the po-
ma chambers. Our numerical
relation to the three main ar-
e now discuss in more detail.
changes into a sill (Barnett and Gudm
5.1.3. Elastic mismatch
This mechanism operates when
elastic properties, particularly in Youn
He and Hutchinson, 1989). More spec
tract, the ratio of strain energy rele
toughness or resistance to fracture)
along the contact Gd to that of dyke p
Dundurs elastic mismatch parameter
2011b) may control what happens to
in the elastic strain energy release rat
For negative values of Dundurs elastic
dyke-hosting layer) is stiffer than laye
dyke deﬂection along the contact. How
creases in relation to that of layer 2,
along the contact greatly increases. If
match across the contact dyke deﬂect
toughness is about 26% of the toughne
the contact. When the elastic mismatc
er, dyke deﬂectionwill occur even the
to and higher than the toughness of l
6. Spatial density of volcanic eruptio
The spatial distributions of 432 vo
netic volcanoes) were examined and
(Fig. 9). ArcGlobe 10.1 was utilised to
mechanical properties, the lower layer hosting a dyke. b) Numerical model results showin
d arrows, while the colour contours represent maximum principal tensile stressσ3. This m
rotation and translation.
shape ﬁles of volcanoes imported into ArcMap10.1. The density map
calculates the frequency of eruption points or eruptive centres that fall
within a neighbourhood around each raster cell. A neighbourhood is
deﬁned around each cell centre, and then the cumulative number of
eruption points/centres is divided by the area of the neighbourhood.
The spatial density map is drawn by ArcGIS 10.1 for a search radius
of 40 km, producing a generalised output raster (Lesti et al., 2008),
gives the volcano distribution and density variation in the area. Frac-
tures were added to the map through georeferenced raster images of
the geological maps of the AHVP as a guide.
Only volcanoes with clear boundaries were compiled, the main
types being lava shields, pyroclastic or scoria cones, and (a few)
maars. The volcanic points are clearly clustered (Fig. 9), and some are
associated with volcanic ﬁssures. There are two main density subzones.
The ﬁrst occurs in the northern part of the AHVP and is mainly com-
posed of large lava shields and some scoria cones – these constitute
the most recent eruption sites in the area. The second occurs in the
southern part of the AHVP and is primarily composed of scoria cones,
with comparatively few lava shields, yielding smaller eruptions, on av-
erage, than in the northern cluster. The lowest frequency of eruption
points/centres occurs in the central area between the northern and
lcanic ﬁssures (lineaments) are
with the general trend of the
/fracture zone in the area.
Fig. 7. a) The dyke-parallel tensile stress at thehead of propagating dyke is about 20% of the tensile stress perpendicular to the dyke andmay open up aweak (low tensile-strength) contact
or discontinuity at ahead of thedyke. This is known as Cook-Gordon debonding or delaminationmechanism (modiﬁed after Thouless and Parmigiani, 2007; cf. Gudmundsson, 2011a). b)A
weak contact (green) is modelled as soft thin layer that is located between two stiffer layers. c) Model results showing rotated ticks (trajectories) of σ1. When a dyke reaches this contact
the dyke may become arrested or deﬂected along the contact depending on magmatic overpressure of the dyke, the contact strength, and the magnitudes of the principal stresses.
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Fig. 8. Schematic illustration of the mechanism
toughness for deﬂection or penetration of a d
penetration mainly occurs when Dundurs elastic
zero. The Dundurs parameter becomes negative w
1) is stiffer than the layer above the contact (lay
propensity to deﬂection into a sill along the cont
parameter becomes positive the dyke has great t
contact.
(Modiﬁed after He and Hutchinson, 1989; Hutchinthe southern cluster (Fig. 9). The vo
primary WNW-trending, coinciding
main volcanic zone/crustal weakness
7. Spatial alignment of volcanic eru
The volcanic ﬁssures were obtaine
points (Fig. 10). When more than o
made, elongate craters are used as a
and the vents along that trend are joi
(Paulsen and Wilson, 2009). The st
assumed to coincide with that of a v
more recent ﬂows cover part of the ﬁ
of elastic mismatch and material
yke when it meets a contact. Dyke
mismatch across the contact equals
hen the layer hosting the dyke (layer
er 2), whereby the dyke has a little
act. Alternatively, when the Dundurs
endency to deﬂect into sill along the
son, 1996).
The rose diagrams for the strike of volcanic ﬁssures, made using the
GEOrient software, show that WNW-ESE trends dominate, with small
NE-SW subsets. Rose diagrams for some 1000 (mostly normal) faults,
extension fractures and alignments of volcanoes in the area show two
main sets (Fig. 11a,b,c). One set strikes WNW-ESE, while other set of
strikes between NE and ENE, which is similar to that of some of the
large volcanic ridges in the area (Fig. 3a,b). The length-size distribution
of these fractures is roughly log-normal, as is common for fractures
(Fig. 11a,b,c; Babiker and Gudmundsson, 2004).
8. Structural evolution of the Al Haruj Volcanic Province
The tectonic evolution of theAHVPmay be divided intoﬁvemain de-
formation episodes or phases (Peregi et al., 2003), each of which is
characterised by structural elements that differ in orientation (and
thus in associated stress ﬁelds) and timing from the elements of other
phases (Appendix II). The main structural features in the area relate to
Phase IV and V, which occurred during Palaeogene–Quaternary and
can be linked to the most recent evolution of the Sirt Basin (Cvetković
et al., 2010). In particular, during phase IV most of the Al Haruj region
was subject to NE-SW oriented tension, roughly perpendicular to
main structural elements in the northern and central parts of the area
(Less et al., 2006). Similarly trending structural elements have been
identiﬁed in the central and western parts of the Sirt Basin (Anketell,
1996; Abadi et al., 2008; Abdunaser and McCaffrey, 2015).
In contrast to the local stress ﬁeld of the AHVP, the regional stress
ﬁeld for the whole area, including the Sirt Basin, relates to NW-SE
compression and NE-SW extension (Appendix III; Less et al., 2006).
Abdunaser and McCaffrey (2015) inferred from 2D seismic lines and
borehole data that the structure of the south-western part of the Sirt
Fig. 9. Density map of the volcanoes of the AHVP. In total 432 eruption points/centres were mapped in this study, most of which are lava shields (small monogentic shield volcanoes) and
pyroclastic (scoria) cones. Spatial alignments of the volcanoes, as inferred from satellite imagery, and their trends are plotted in rose diagrams for each density maximum zone. The
locations of the lineaments are taken from, Busrewil and Suwesi (1993); Peregi et al. (2003); Less et al. (2006), and Abdunaser and McCaffrey (2014).
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early Mesozoic) (Fig. 12). Pre-existing st
have affected the volcanic activity in the
9. Discussion
9.1. Role of pre-existing fracture zones in p
One principal question that arises is
the surface in the AHVP, and what the r
volcanic activity in AHVP and the tecto
Basin. Here we discuss the interaction b
with reference to earlier data and model
During the last two decades a substan
bon wells have been drilled throughout t
e C
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rtly
ow
tim
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ag
rth
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Fig
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te
(Gudmundsson et al., 2010). The damage zone may contain breccia,
but is characterised by fractures whose frequency varies (mostly ir-
regularly) with distance from the core. By contrast, the core, com-
monly several metres thick in major fault zones, consists primarily
of gouge and breccia. The boundary between damage zone and
host rock vary along the fault and change spatially and temporarily
with the evolution of the fault zone in active fault whereas in inactive
faults the contact between them is generally sharp (Gudmundsson,
2011a).
When a dyke approaches a mechanically weak discontinuity
(i.e., one with low tensile strength) such as an active fault, the dyke
may open up the discontinuity and, depending on the magmatic over-
pressure and the local stress ﬁeld, enter the discontinuity. This is
known from ﬁeld observations and also from numerical models. For ex-
ample,manydykes have been observed to follow steep normal faults for
a while, both in the active and in the palaeo-rift zones of Iceland
(Gudmundsson, 1995). Numerical models (Gudmundsson et al., 2010)
show that a dyke meeting with a steep and mechanically weak normal
en use it as a part of the dyke path.
e faults as channels, the potential
ault to form a part of a dyke path
we considered the interaction be-
a propagating dyke. More specif-
as stiff in relation to the damage
ault zones might also function as
y become stiff primarily in two
secondary mineralisation; second,
es. It is the latter that we focus on
iple and formed over considerable
).
divided into a comparatively stiff
her side of the core (cf. Browning
e only loading is magmatic over-
stimated above. The rock hosting
us of 20 GPa, and Poisson's ratio
s for rocks similar to those in the
) Young's modulus of the core is
nes 1 GPa, whereas in the second
ry stiff (30 GPa). The models thus
re that is stiffer (perhaps due do
r earlier dykes) than the damage
, d) indicate that for both models
pal stress ﬁeld σ1 tend to rotate
fault plane, suggesting that the
on path for a while. These numer-
ld may, from time to time, favour
e, both for soft as well as for stiff
e faults may have acted as parts
the AHVP
e AHVP, particularly in its north-
d on well-preserved inﬂation fea-
as well as modern age dating by
at the youngest lava ﬂows are of
s that it is likely that the AHVP
s, is still active. One indication of
es. An earthquake network, how-
ntly (past decade) in Libya, and
h seismic activity in the country,
ve, however, been collected. And
y be associated with magmatism.
e been reordered in Hun Graben
Fig. 10. Satellite images (adapted from Google
alignment of volcanic eruption points/centres in
a) NW-SE trending alignments of volcanoes. The lo
mark the strike orientation the subsurface feeder-
b) WNW-ESE trend inferred from several pyro
provided the location.
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130 Ma) within the Nubain clastics
Basin, were fed by dykes that may pa
faults as paths (Fig. 13). It is well kn
structures, primarily joints but some
mal) faults, to form their paths (Del
2011a; Gudmundsson et al., 2010; M
2012; Tibaldi, 2015), so the idea is wo
Fault zones are composed of two
fault core and a fault damage zone (
damage zone may reach thickness
more commonly of the order ofe normal faults striking NNW-
Eocene extensional tectonics
n basement structures (early
structures (late Palaeozoic-
ructural elements are likely to
AHVP, to which we turn now.
roviding magma paths
why and how magma reaches
elation is, if any, between the
nic activity in the nearby Sirt
etween faults and dykes, both
s as well as our own results.
tial amount of deep hydrocar-
he Sirt Basin. Using these data,
retaceous basaltic rocks (100–
Al Hameimat Trough, NE Sirt
have used high angle normal
n that dykes use pre-existing
es high-angle (primarily nor-
y et al., 1986; Gudmundsson,
ee et al., 2013; Bedard et al.,
analysing.
n mechanical units or zones, a
. 14). In large fault zones the
p to a few kilometres, but is
ns to hundreds of metres
fault tends to open up the fault and th
Thus, although most dykes do not us
for a steep, active and weak normal f
is well established.
To explore this possibility further,
tween amechanically strong fault and
ically, we model the core of the fault
zone. The idea here is to test if such f
a channel for magma. The core ma
ways. First, through compaction and
through being injected by earlier dyk
here, given that many dykes are mult
periods of time (Gudmundsson, 1995
In themodel, the fault zone is thus
core and soft damage subzones on eit
and Gudmundsson, 2015; Fig. 15). Th
pressure of 10 MPa in the dyke, as e
the fault zone has a Young's modul
0.25, both of which are typical value
Sirt Basin. In the ﬁrst model (Fig. 15a
10 GPa, and that of the damage subzo
model (Fig. 15c), the core is made ve
assume strain hardening, that is, a co
mineralisation and/or compaction o
zone. The numerical results (Fig. 15b
the trajectories of maximum princi
and become deﬂected towards the
fault may capture the dyke propagati
ical results imply that local stress ﬁe
dyke propagation along the fault zon
steep normal faults, in which case th
of the dyke paths to the surface.
9.2. Future volcano-tectonic activity of
Many of the volcanic features of th
ern subzone, appear very recent, base
tures such as tumuli and lava rises
Nixon et al. (2014) who concluded th
late Holocene age (2.31 ka). It follow
has still the potential to erupt, that i
volcano-tectonic activity is earthquak
ever, was established only very rece
given that there is generally not muc
the information is so far limited.
Data on historical earthquakes ha
some of the recorded earthquakes ma
For example, earthquake swarms hav
Earth) showing examples of spatial
the southern portion of the AHVP.
ng axes of the craters and alignments
dykes (cf. Paulsen and Wilson, 2009).
clastic/scoria cones. The inset maps
Fig. 11. Rose diagrams and frequency distributions of a) 1000 faults (mostly normal faults)mapped from available geologicalmaps of theAlHaruj region, b) 47 dykes and volcanicﬁssures,
c) 91 alignment of eruption points/centres. Length-size distributions of these lineaments are roughly lognormal.
Fig. 12. a) Location of oil wells, seismic lines, and cross-sections in the northernmost of the AHVP. b) Seismic section, most of these high-angle normal faults (Abdunaser and McCaffrey,
2015). c). Geological cross section inferred from borehole data.
(Modiﬁed from Abdunaser and McCaffrey, 2015).
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(northwestern Libya, Fig. 2) with earthquake magnitudes NM7.1 in
1935 and NM6 in 1939, 1940, 2000 and 2001, respectively (Hasen,
1983; Al-Heety, 2011). Earthquake swarms in volcanic regions are
commonly related to magma migration, and could be so in these cases
as well. Since the Hun Graben extends to the AHVP, the earthquake
swarms, at least some of them, may be related to active magma
Fig. 13. Cross sections inferred from boreholes data in the Al Hameimat Trough, SE Sirt Basin. Both cross sections, a and b, show high-angle normal faults, some ofwhichmay have acted as
channels for magma, that is, parts of dyke paths.
(Modiﬁed after Busrewil et al., 2012).
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migration beneath or close to the AHVP. Also, earthquakes on active
faults are commonly triggered by high ﬂuid pressure. If some of the
faults are used as paths for magma in AHVP (Bagnardi, 2014), the mag-
matic pressure along the faults would tend to trigger slip on the faults
and earthquakes. All thesewill become better established in the coming
years as the new seismic network in Libya collects more earthquake
data. While it is not certain, it seems plausible that the AHVP is still
being volcanically and tectonically active (Bardintzeff et al., 2012;
Boote et al., 2012).
10. Conclusions
• The Al Haruj Intra-continental Volcanic Province (AHVP) in Libya is
the largest part of an extensive volcanic province, covering an area
Fig. 14. Left: schematicmodel of the internal structure of a fault zone (here a strike-slip fault) consisting of a damage zone anda fault core (modiﬁed afterGudmundsson et al., 2010). Right:
geological map showing part of pre-existing normal faults (Palaeozoic and Mesozoic) that may have very stiff cores favouring dykes using the faults as parts of their paths.
(Modiﬁed from Less et al., 2006).
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attitude to many normal faults observed in Al Har
plane. Trajectories of maximum principal stress σ1
in the local stresses within fault zones. c) The fa
intrusions. d) Numerical model results displaying mult zone are modelled using different values for Young's modulus. The fault zone is modelled as a high-angle normal fault, similar in
uj region and the Sirt Basin. b) Results of the numerical models. Large tensile stress σ3 occurs in the area between dyke tip and fault
are rotated and could deﬂect the magma/dyke path into the fault plane. This and subsequent numerical model reveal the variation
ult core is modelled as a stiff layer (red layer) to simulate strain hardening (mineralisation, compaction) and/or previous dyke
aximum compressive principal stress σ1 are clearly deﬂected towards the fault plane.
of approximately 42,000 km2. It is likely that the AHVP developed pri-
marily during the early Pliocene to late Pleistocene, in response to tec-
tonic rifting and evolution of the Sirt Basin, but it may still be active.
Considerable attention has been focused on the AHVP in the last
three decades, particularly with respect to its stratigraphy, geochem-
istry and geochronology. By contrast, volcano-tectonics of the area has
received very little attention.
• The spatial distribution of around432 eruption points or centres in the
AHVP shows clustered distributions. Alignments of points/centres
suggest that pre-existing structures, mainly along WNW to NW late
Mesozoic-Cenozoic structures and along NE to NNE late Palaeozoic-
early Mesozoic structures, exert some inﬂuence on the preferential
of a magma pathway to reach the surface. The spatial distributions
of volcanic eruptions reveal the presence of two maxima clustering
of volcanoes.
• Volcanic ﬁssures/crater rows are very common in theAHVP andmost-
ly conﬁned to the central and southernmost part of this region. Com-
paratively few dykes have been identiﬁed, but those that have occur
e t
pa
lay
dy
yke
len
res
s E
15
obt
plo
e ap
rat
age
tha
te a
tha
rop
ca
025
Hig
rco
Cloe
a. Am
ctur
obli
isto
rt Ba
P., 1
ture
–15
y an
ci. 6
nics
. htt
bon
Anketell, M., 1996. Structural history of the Sirt Basin and its relationship to the Sabratah
Basin and Cyrenaican Platform, northern Libya. In: Salem, M.J., Busrewil, M.T.,
Misallati, A.A., Sola, M.A. (Eds.), The Geology of Libya.
Babiker, M., Gudmundsson, A., 2004. Geometry, structure and emplacement of maﬁc
dykes in the Red Sea Hills, Sudan. J. Afr. Earth Sci. 38, 279–292.
Bagnardi, M., 2014. Dynamics of magma supply, storage and migration at basaltic volca-
noes: geophysical studies of the Galápagos and Hawaiian volcanoes (PhD thesis)
Scholarly Repository. Electronic Theses and Dissertations. University of Miami, USE.
Bardintzeff, J., Deniel, H., Guillou, B., Platevoet, P.T., Oun, K., 2012. Miocene to recent alka-
line volcanism between Al Haruj and Waw an Namous (southern Libya). Int. J. Earth
Sci. 101 (2012), 1047–1063.
Barnett, Z., Gudmundsson, A., 2014. Numerical modelling of dykes deﬂected into sills to
form a magma chamber. J. Volcanol. Geotherm. Res. 281 (2014), 1–11.
Becerril, L., Galindo, L., Gudmundsson, A., Marales, J., 2013. Depth of origin of magma in
eruptions. Sci. Rep. 3, 2762. http://dx.doi.org/10.1038/srep02762.
Bedard, J., Naslund, H., Nabelek, P., Winpenny, A., Hryciuk, M., Macdonald, W., Hayes, B.,
Steigerwaldt, K., Hadlari, T., Rainbird, R., Dewing, K., Girard, E., 2012. Fault-
mediated melt ascent in a Neoproterozoic continental ﬂood basalt province, the
Franklin sills, Victoria Island, Canada. Geol. Soc. Am. Bull. 124, 723–736.
Boote, D., Dardour, A., Green, P., Smewing, J., Van Hoeﬂaken, F., 2012. Burial and unrooﬁng
history of the base Tanezzuft ‘hot’ Shale source rock, Murzuq Basin, SW Libya:
new AFTA constraints from basin margin outcrops. 4th Sedimentary Basins of
Libya Symposium: The Geology of Southern Libya, 17–20th November 2008,
Tripoli, Libya.
faults capture and deﬂect inclined sheets:
mation. Bull. Volcanol. 77, 4. http://dx.doi.
015. Forecasting magma-chamber rupture
://dx.doi.org/10.1038/srep15785.
n. J. Geol. 99, 341–409.
Jabal al Haruj al Aswad volcanic province,
l. III. Elsevier, Amsterdam, pp. 331–345.
anic Province, Central Libya. Geol. South.
p of Libya 1: 250.000, Sheet: Al Haruj Al
ustrial Research Centre, Tripoli, p. 95.
y and tectonic setting of HameimaatMag-
th. Libya 3, 189–210 (2012).
port through the crust via interconnected
4. Geometry and emplacement of the Late
nds in Zhejiang Province, Southeast China:
ges. J. Asian Earth Sci. 7 (2014), 302–311.
rish, K.B., 2010. Petrogenesis of the eastern
Sci. 58, 37–50.
f host rocks and ﬂow of magma during
earing intrusions near Ship Rock, New
6. Field relations between dikes and joints:
alysis. J. Geophys. Res. 91, 4920–4938.
y. Blackwell Science, Nelson Thornes, UK,
n, H., 2006. Mineral chemistry of Al Haruj
ions for petrogenetic and geotectonic evo-
l distribution of cones and satellite-
lcanic Field (southernmost Patagonia):
a Neogene rift system. J. Volcanol.
., 2010. Geometric difference between
195–198.
s, sills, and crustal magma chambers at di-
176, 257–275.
echanics of volcanic systems in Iceland.
eological Processes. Cambridge University
/CBO9780511975684.
s into sills at discontinuities and magma
0–64.
ctured hydrocarbon reservoirs: examples
74. http://dx.doi.org/10.1144/SP374.5.
ilipp, S., 2010. Effects of internal structure
on, deﬂection,and arrest in fault zones.
hordarson, T., 2014. Dike emplacement at
tress changes, caldera deformation, and
/dx.doi.org/10.1007/s00445-0869-9.
d sill with lobatemorphology revealed by
a shallow-level sill emplacement mecha-
d Problems (Master thesis) Civil Engineer
108.
ction at an interface between dissimilar
43–3455.
ts into the magmatic plumbing system of
ovince from 3D seismic and geochemical
201A. Elshaaﬁ, A. Gudmundsson / Journal of Volcanology and Geothermal Research 325 (2016) 189–202mainly in elongated swarms outsid
geometry of the volcanoes may be
fractures and faults; which in turn p
distribution of volcanic ﬁssures and
• The magmatic overpressure of 47 d
mated based on their aspect (trace
the obtained values indicate overp
(when host-rock Young's modulu
host-rock Young's modulus E =
reasonable and similar to those
other volcanic regions.
• Numerical models were made to ex
and within a fault zone when a dyk
fault zone is divided into a compa
strain hardening) and softer dam
core. The numerical results indicate
principal stress ﬁeld σ1 tend to rota
the fault plane. Ourﬁndings suggest
ularly normal faults, may capture p
act as parts of their paths.
Supplementary data to this article
doi.org/10.1016/j.jvolgeores.2016.06.
Acknowledgements
AE thanks the Libyan Ministry of
support and John Browning and Ma
comments.
References
Abadi, A.M., van Wees, J.D., van Dijk, P.M.,
subsidence evolution of the Sirt Basin, Liby
Abdunaser, K., McCaffrey, K., 2014. Rift archite
the inﬂuence of basement fabrics and
203–226.
Abdunaser, K., McCaffrey, K., 2015. Tectonic h
Zallah-Dur al Abd Sub-basin, western Si
33–48.
Abebe, T., Mazzarini, F., Innocenti, F., Manetti,
tectonic lineament: a transtensional struc
magmatic activity. J. Afr. Earth Sci. 26, 135
Al-Hafdh, N., El-Shaaﬁ, A., 2015. Geochemistr
Jabal Al Haruj Al-Aswad, Libya. Int. J. Geos
ijg.2015.61008.
Al-Heety, E., 2011. Seismicity and seismotecto
environment. Arab. J. Geosci. 6, 193–204
0347-y (2011).
Ambrose, G., 2000. The geology and hydrocar
Basin, Libya. J. Pet. Geol. 23, 165–191.he main volcanic system. The
rtly governed by pre-existing
a signiﬁcant role in the spatial
kes in the area.
s and volcanic ﬁssures is esti-
gth/thickness) ratios. Most of
sures between around 8 MPa
= 7 GPa) and 19 MPa (when
GPa). These results are very
ained from basaltic dykes in
re the local stress ﬁeld around
proaches it. In the models, the
ively stiff core (attributed to
zones on either side of the
t the trajectories of maximum
nd become deﬂected towards
t steeply dipping faults, partic-
agating dykes for a while and
n be found online at http://dx.
.
her Education for the ﬁnancial
Neri for very helpful review
tingh, S.A.P.L., 2008. Tectonics and
. Assoc. Pet. Geol. Bull. 92, 993–1027.
e and evolution: the Sirt Basin, Libya:
que tectonics. J. Afr. Earth Sci. 100,
ry and structural development of the
sin, Libya. J. Struct. Geol. 73 (2015),
998. The Yerer Tullu Wellel volcano-
in central Ethiopia and the associated
0.
d petrology of basic volcanic rocks of
, 109–144. http://dx.doi.org/10.4236/
of Libya: as an example of intraplate
p://dx.doi.org/10.1007/s12517–011-
habitat of the Sarir Sandstone, SE Sirt
Browning, J., Gudmundsson, A., 2015. Caldera
an alternative mechanism of ring dike for
org/10.1007/s00445–014–0889-4 (2015).
Browning, J., Drymoni, K., Gudmundsson, A., 2
at Santorini volcano, Greece. Sci. Rep. http
Burke, K., 1996. The African plate, South Africa
Busrewil, M., 1996. The volcanology of central
Central Libya. The Geology of Sirt Basin vo
Busrewil, M., 2012. Evolution of Al Haruj Volc
Libya 3 (2012).
Busrewil, M., Suwesi, K., 1993. Geological Ma
Aswad NG(33-4). Explanatory Booklet. Ind
Busrewil, M., Oun, K., Haman, M., 2012. Petrolog
matic Rocks, SE Sirt Basin, Libya. Geol. Sou
Cartwright, J., Hansen, M., 2006. Magma trans
sill complexes. Geology 34, 929–932.
Chen, N., Dong, J., Chen, J., Dong, C., Shen, Z., 201
Cretaceous maﬁc dyke swarms on the isla
insights from high-resolution satellite ima
Cvetković, V., Toljić, M., Ammar, A., Rundić, L., T
part of the Al Haruj basalts (Libya). J. Afr.
Delaney, P., Pollard, D., 1981. Deformation o
growth of minette dikes and breccia-b
Mexico. U.S. Geol. Surv. Prof. Pap. 1202.
Delaney, P., Pollard, D., ZIony, I., McKee, H., 198
emplacement processes and paleostress an
Drury, S., 2001. Image Interpretation in Geolog
p. 290.
Farahat, S., Abdel Ghani, S., Aboazom, S., Asra
low-volcanicity rift basalts, Libya: implicat
lution. J. Afr. Sci. 45, 198–212.
Francesco, M., D'Orazio, M., 2003. Spatia
detected lineaments in the Pali Aike Vo
insights into the tectonic setting of
Geotherm. Res. 125, 291–305.
Geshi, N., Kusumoto, S., Gudmundsson, A
nonfeeders and feeder dikes. Geology 38,
Gudmundsson, A., 1990. Emplacement of dike
vergent plate boundaries. Tectonophysics
Gudmundsson, A., 1995. Infrastructure and m
J. Volcanol. Geotherm. Res. 64, 1–22.
Gudmundsson, A., 2011a. Rock Fractures in G
Press, Cambridge http://dx.doi.org/10.1017
Gudmundsson, A., 2011b. Deﬂection of dyke
chamber formation. Tectonophysics 500, 5
Gudmundsson, A., Løtveit, I., 2012. Sills as fra
and models. Geol. Soc. Lond., Spec. Publ. 3
Gudmundsson, A., Simmenes, T., Larsen, B., Ph
and local stresses on fracture propagati
J. Struct. Geol. 32, 1643–1655.
Gudmundsson, A., Lecoeur, N., Mohajeri, N., T
Bardarbunga, Iceland, induces unusual s
earthquakes. Bull. Volcanol. 76, 869. http:/
Hansen, M., Cartwright, J., 2006. Saucer-shape
3D seismic data: implications for resolving
nism. J. Geol. Soc. Lond. 163, 509–523.
Hasen, H., 1983. Seismicity of Libya and Relate
Department, Colorado state University, p.
He, M.Y., Hutchinson, J.W., 1989. Crack deﬂe
elastic materials. Int. J. Solids Struct. 31, 34
Holt, S., Holford, S., Foden, J., 2014. New insigh
the South Australian Quaternary Basalt pr
data. Aust. J. Earth Sci. 60, 797–816. http://dx.doi.org/10.1080/08120099.2013.
865143.
Hutchinson, J.W., 1996. Stresses and failure modes in thin ﬁlms and multilayers. Notes for
a Dcamm Course Techincal University of Denmark, Lyngby (1–45 pp.).
Klitzsch, E., 2000. The structural development of the Murzuq and Kufra basins -
signiﬁcance for oil and mineral exploration. In: Sola, M.A., Worsley, D. (Eds.), Sympo-
sium on Geological Exploration in Murzuq Basin. Elsevier, Amsterdam, pp. 143–150.
Kusumoto, S., Geshi, N., Gudmundsson, A., 2013. Aspect ratios and magma overpressures
of non-feeder dikes observed in the Miyake-jima volcano (Japan), and fracture
toughness of its upper part. Geophys. Res. Lett. 40, 1–5. http://dx.doi.org/10.1002/
grl.50284.
Le Corvec, N., Sporl, B., Rowland, J., Lindsay, J., 2013. Spatial distribution and alignments of
volcanic centers: clues to the formation of monogenetic volcanic ﬁelds. Earth Sci. Rev.
124, 96–114.
Less, Gy., Turki, S. M., Suwesi, S. Kh., Peregi, L. F., Koloszar, L., Kalmar, J., Sherif, Kh., Csaszar,
G., Gulasci, Z., Dalum, H., Al Tajuri, A., 2006. Explanatory Booklet. Geological Map of
Libya 1: 250.000. Sheet: Waw Al Kabir NG 33-12. Industrial Research Centre, 295 p.
Lesti, C., Giordano, G., Salvini, F., Cas, R., 2008. Volcano tectonic setting of the intraplate,
Pliocene-Holocene, Newer Volcanic Province (southeast Australia): role of crustal frac-
ture zones. J. Geophys. Res. 113, B07407. http://dx.doi.org/10.1029/2007JB005110,
2008.
Magee, C., Jackson, C., Schoﬁeld, N., 2013. The inﬂuence of normal fault geometry on igne-
ous sill emplacement and morphology. Geology 41, 407–410.
Martin, U., Né meth, K., 2006. How Strombolian is a “Strombolian” scoria cone? Some ir-
omt
(Li
Cen
vice
of Li
plat
acts
sica
a (2
of v
ry s
. 10
Peregi, Zs., Less, G. Y., Konrad, Gy., Fodor, L., Gulacsi, Z., Gyalog, L., Turki, S. M., Suwesi, S.
Kh., Sherif, Kh., Dalub, H., 2003. Explanatory Booklet. Geological Map of Libya 1:
250.000. Sheet: Al Haruj Al Abyad NG 33-8. Industrial Research Centre, Tripoli, 248 p.
Planke, S., Rasmussen, T., Rey, S., Myklebust, R., 2005. In: Doré, A.G., Vining, B.A. (Eds.),
Seismic characteristics and distribution of volcanic intrusions and hydrothermal
vent complexes in the Vøring and Møre Basins.
Poland, P., Moats, P., Fink, H., 2008. A model for radial dike emplacement in composite
cones based on observations from Summer Coon volcano, Colorado, USA. Bull.
Volcanol. 70, 861–875. http://dx.doi.org/10.1007/s00445-007-0175-9.
Polteau, S., Ferré, C., Planke, S., Neumann, R., Chevallier, L., 2008. How are saucer shaped
sills emplaced? Constraints from the Golden Valley Sill, South Africa. J. Geophys.
Res. 113, B12104. http://dx.doi.org/10.1029/2008JB005620 (Article number B12104).
Qui, K., Gherryo, Y., Shatwan, M., Fuller, J., 2008. The application of the mechanical earth
model on rejuvenation of a mature ﬁeld in Libya. Copyright 2008, IADC/SPE Asia
Paciﬁc Drilling Technology Conference and Exhibition, Jakarta, Indonesia (16 pp.).
Rajesh, M., 2004. Application of remote sensing and GIS in mineral resource mapping an
overview. J. Mineral. Petrol. Sci. 99, 83–103.
Tabatabaian, M., 2014. Comsol for Engineers. Mercury Learning and Information, Boston.
Thomson, K., Schoﬁeld, N., 2008. Lithological and structural controlson the emplacement
and morphology of sills in sedimentary basins. J. Geol. Soc. Lond. Spec. Publ. 302,
31–44.
Thouless, M.D., Parmigiani, J.P., 2007. Mixed-mode cohesive-zone models for delamina-
tion and deﬂection in composites. In: Sørensen, B.F., Mikkelson, L.P., Lilhot, H.,
Goutianos, S., Abdul-Mahdi, F.S. (Eds.), Proceedings of the 28th Risø International
e Design of Polymer Matrix Composites,
systems: a review of multi-parametric ef-
35. http://dx.doi.org/10.1016/j.jvolgeores.
85. Topographic lineament swarms: clues
ly. Geol. Soc. Am. Bull. 96, 952–967.
mizing technique for preparing lineament
–1085.
202 A. Elshaaﬁ, A. Gudmundsson / Journal of Volcanology and Geothermal Research 325 (2016) 189–202regularities in scoria cone architecture fr
Volca'n Ceboruco, (Mexico) and Al Haruj
(1–2), 104–118.
Mohamed, M., 2014. Composition and Age of
University of Glasgow. Glasgow Theses Ser
Mouzughi, J., Taleb, T., 1981. Tectonic Elements
ration of Libya.
Nixon, S., Maclennan, J., White, N., 2014. Intra-
Field, Libya. Goldschmidt Conference Abstr
Paciﬁc Aero Survey Co., 1979. Air borne geophy
Final Report. Qeb., Inc., Hayward, Californi
Paulsen, T., Wilson, T., 2009. Structure and age
new constraint on Neogene to contempora
ern Victoria Land, Antarctica. Geol. Soc. Amhe Transmexican Volcanic Belt, near
bya). J. Volcanol. Geotherm. Res. 155
ozoic Volcanism in Libya (PhD thesis)
.
bya (1:2,000,000). National Oil Corpo-
e magmatism of the Al Haruj Volcanic
.
l survey Jabal Al Haruj Al Aswad area.
9 pp.).
olcanic ﬁssures on Mount Morning: a
tress in the West Antarctic Rift, south-
71–1089.
Symposium on Materials Science: Interfac
pp. 93–111 (Roskilde (Denmark)).
Tibaldi, A., 2015. Structure of volcano plumbing
fects. J. Volcanol. Geotherm. Res. 298, 85–1
2015.03.023 (2015).
Wise, U., Funicello, R., Parotto, M., Salvini, F., 19
to their origin from domain analysis of Ita
Zakir, A., Quari, T., Mostafa, E., 1999. New opti
density maps. Int. J. Remote Sens. 20, 1073
Chapter 6: Distribution and size of lava shields on the Al Haruj al Aswad and the Al Haruj al 
Abyad Volcanic Systems, Central Libya 
 
141 
 
 
Chapter 6: Distribution and size of lava shields on the Al 
Haruj al Aswad and the Al Haruj al Abyad Volcanic Systems, 
Central Libya 
www.sciencedirect.com/science/article/pii/S0377027316302438 
Journal of Volcanology and Geothermal Research 
 
Abdelsalam Elshaafi and Agust Gudmundsson 
 
 
 
 
 
 
 
 
Statement of contribution: 
The origin idea and data collections were developed by AE  
Analytical approach and numerical models were made by AE 
 The first draft and figures were prepared by AE with later critical revision 
done by co-author  
Interpreted data along with conceptual model carried out by AE with 
substantial support from co-author 
 
 
Distribution and size of lava shields on the Al Haruj al Aswad and the Al
Haruj al Abyad Volcanic Systems, Central Libya
Abdelsalam Elshaaﬁ ⁎, Agust Gudmundsson
Department of Earth Sciences, Royal Holloway University of London, Egham TW20 0EX, UK
a b s t r a c ta r t i c l e i n f o
Article history:
Received 5 August 2016
Received in revised form 28 February 2017
Accepted 10 March 2017
Available online 16 March 2017
The Al Haruj Volcanic Province (AHVP) consists of two distinct volcanic systems. In the north is the system of Al
Haruj al Aswad, covering an area of 34,200 km2, while in the south the system of Al Haruj al Abyad, covering an
area of 7,850 km2. The systemshave produced some432monogenetic volcanoes, primarily scoria (cinder) cones,
lava shields, and maars. The density distribution of the volcanoes in each system, plotted as eruption points or
sites, has a roughly elliptical surface expression, suggesting similar plan-view geometry of the magma sources,
al Aswad magma reservoir has major
6 km2, the corresponding ﬁgures for
209 km2 for the area. We measured
nd southern parts of AHVP and date
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j ourna l homepage: www.e lsev ie r .com/ locate / jvo lgeoreshere suggested as deep-seated reservoirs. More speciﬁcally, the Al Haruj
and minor axes of 210 km and 119 km, respectively, and an area of 19,17
the Haruj al Abyad reservoir being 108 km and 74 km, for the axes, and 6
55 lava shields on the AHVP. They are mostly restricted to the northern a
Keywords:
Lava shields
Monogenetic volcanoes
Shield volcanoesocene, while some may have been active into Holocene. In fact,
a shields showevidence of (possiblyHolocene)ﬁssure eruptions
to be located at the edges of volcanic systems and with greater
average lava shield basal diameter is 4.5 km and height 63 m.from late Miocene to (at least) the end of Pleist
althoughprimarilymonogenetic, someof the lav
in the summit parts. The early lava shields tend
volumes than later (more central) shields. The
Eruption mechanisms
Magma reservoirs
Iceland
Galapagosrea, the coefﬁcient of determination
o the dataset, for comparison, the cor-
dels suggest that the local stress ﬁelds
during late Miocene – early Pliocene,There is strong linear correlation between lava shield volume and basal a
(R2) being about 0.75.When 22 Holocene Icelandic lava shields are added t
relation between volume and basal area becomes R2= 0.95. Numericalmo
favoured rupture and dyke injection at themargins of the source reservoirs
Hawaiiin agreement with the distribution of the early, large-volume shields.
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end of Miocene and the youngest one from the end of Pleistocene
(Fig. 2A) (Table 1). Each volcanic phase ismarked bymulti-ﬂowbasaltic
lobes (Peregi et al., 2003). As indicated above, however, volcanic activity
in the AHVP appears to have continued into Holocene.
The average total thickness of basaltic lavas in the entire AHVP is
small compared with the areal distribution of the volcanic ﬂows. More
speciﬁcally, the average sequence thickness is around 145m in the cen-
tral parts and gradually decreases to a few meters in the peripheral
parts, based on measurement magnetic anomalies (Paciﬁc Aero
Survey, 1979; Peregi et al., 2003). We have crudely estimated the vol-
ume for each volcanic phase based on the average maximum thickness
for each phase as measured in the ﬁeld (Busrewil and Suwesi, 1993;
Peregi et al., 2003). The results (Fig. 2B, C) suggest that the production
rate for AHVP has generally decreased over time. For example, only
1730 km2, or about 11.5 km3, erupted during late Pleistocene-Holocene
(0.30 Ma – 2.3 ka) whereas around 14,000 km2, or about 231 km3,
erupted during the late Miocene - early Pliocene (7.94–3.67 Ma). Be-
cause some early lava ﬂows are buried beneath subsequent ﬂows, the
ar
es
e i
ter
There are a strong genetic relationships betweenmost of the basaltic
rocks from the various volcanic phases (e.g. Peregi et al., 2003; Less
et al., 2006; Bardintzeff et al., 2012). These studies suggest that most
of the rocks of theAHVPderived froma commonparentalmantle source
with different degrees of partial melting.
The volcano-morphological features and thickness of lava ﬂows in
the AHVP have suggested two different palaeovolcanic systems rather
than a single system (e.g. Peregi et al., 2003) (Fig. 3). The location of
the exposed Eocene sedimentary rocks of the Wadi Thamat and
Bishimah Formations coincides roughly to the boundary between two
volcanic systems (Fig. 3A), as discussed in Section 3. The northern volca-
nic system is called the Al Haruj al Aswad subprovince and is
characterised by more than a hundred metre thick volcanic pile in the
central part. The thickness, however, gradually decreases to a few me-
tres towards the periphery of the system (Paciﬁc Aero Survey, 1979;
Peregi et al., 2003; Less et al., 2006). The area of the system, calculated
using ArcGIS 10.1 during this study, is about 34,200 km2. The southern
volcanic system is called the Al Haruj al Abyad subprovince, has a max-
et al., 2003), and covers an area of
ad system consists mainly of lava
ile the Al Haruj al Abyad system is
ater cones, of scoria spatter, and
Fig. 1. Simpliﬁed geological map showing the distribution of the fourmain volcanic provinces in Libya and tectonic framework of the Sirt Basin. The Al Haruj volcanic province (AHVP) is
situated on the south-western margin of the Sirt Basin, central Libya. GVP; Gharayan Volcanic Province, SVP; As Sawda Volcanic Province; NVP; Nuqay Volcanic Province (modiﬁed from
Mouzughi and Taleb, 1981; Abadi et al., 2008).
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compared with the areas and volum
much better exposed. Thus the declin
clearly considerable, and may be greae most likely underestimated
of the later lavas, which are
n lava production with time is
than that indicated in Fig. 2.
imum thickness of about 20m (Peregi
around 7,850 km2. The A Haruj al Asw
shields rising from a lava plateau, wh
primarily composed of clusters of cr
small lava shields which are aligned NW-SE to NNW-SSE (Martin and
Németh, 2006). Generally, lava shields on the AHVP appear older than
the scoria cones (Busrewil and Suwesi, 1993).
Busrewil and Suwesi (1993) suggest that the lava shields on the
AHVP were primarily generated during two major eruptive stages sep-
arated by an interval of quiescence. The ﬁrst eruptive stage is represent-
ed by most of the lava shields whereas the second stage is mainly
marked by small cones primarily at the summits of the existing lava
shields.
While the geochemistry and geochronology of the volcanic systems
of AHVP have thus received considerable attention in the past
four decades (Table 1), the distributions of the volcanoes, as
regards size and location, have received little attention, as have the
associated sources, the magma reservoirs. In this paper, we focus on
the volcanism and tectonics of both the volcanic systems on the Al
Haruj region, with a focus on the distribution in size and location of
the lava shields, and discuss our ﬁnding in the light of possible effects
of the post-rift stage of the Sirt Basin on production ofmagma and erup-
so
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il a
2003; Less et al., 2006) with multi-source high resolution remote sens-
ing images available on Google Earth (2016) over the central part of
Libya and digital elevationmodel (DEM) data collected byNASA Shutter
Radar Topography Mission (SRTM). Google Earth imagery provides
three-dimensional geospatial data through Keyhole Mark-up Language
(KML). In the study area, the images have the high resolution of about
0.5–2.5 m (Abdunaser and McCaffrey, 2014). This high resolution
makes it possible to locate and preciselymap the lava shields and calcu-
late their heights, areas and diameters in the frame of theGeographic In-
formation System (GIS), using the published geological maps as
guidance for their ages. This method is a powerful tool for volcano-
tectonic studies when size, remoteness, arid and inhospitable region
of study induces difﬁculties of ground-based access (Drury, 2001;
Rajesh, 2004; Koch and Mather, 1997; Chorowicz and Deroin, 2003;
Peña and Abdelsalam, 2006; Solomon and Ghebreab, 2008; Chen et al.,
2014; Abdunaser and McCaffrey, 2014; Chorowicz and Benissa, 2016;
Elshaaﬁ and Gudmundsson, 2016). From these results the volume and
average slope angle of shields have also been estimated.
shields
lava shield on the AHVPwere ex-
atellite imagery, using the same
volcano as used by Hasenaka
ourmeasurements are estimated
on between measurement results
ed in the ﬁeld and from satellite
son, 2016). The basal radius of a
trigonometry. That is, the height
een elevation of the summit and
resulting right triangle gives the
average slopes of the lava shields
results show that the lava shields
Icelandic shields, gently sloping
re calculated using ArcGlobe. A
polygon-shape ﬁle was created in ArcCatalog, and then a polyline-
ArcMap to calculate the area for
S uses planimetric algorithms to
must work with a projected coor-
raphic coordinate system (GCS).
Table 1
Summarized results of age dating for the AHVP throughout the last four decades. There are generally consistent about the age of theAlHaruj province commenced from lateMiocene in the
range from 7.9 to 5.4 Ma until the late Pleistocene. But the modern age dating by Nixon et al. (2011) who used the 3He technique inferred that the volcanism of the Al Haruj extended at
least until 2.31 ± 081 ka.
Author (s)
Ade Hall et al.
(1974) Peregi et al. (2003) Less et al. (2006)
Cvetkovic´ et al.
(2010)
Nixon et al.
(2011)
Bardintzeff et al.
(2012)
Age dating
method
(K/Ar) (K/Ar) (K/Ar) (K/Ar) 3He Unspiked K/Ar
Volcanic Phase VI
0.4 Ma
(late Pleistocene)
6.0 Ma
(late Miocene)
0.30–0.10 Ma
(late Pleistocene)
– 0.5 ± 0.26 Ma
(late Pleistocene)
5.4 ± 1.20 Ma
(late Miocene)
2.31 ± 0.81 ka
(Holocene)
------------------
0.2 ± 0.009 Ma
(late Pleistocene)
8.1 ± 0.22 Ma
(late Miocene)
Volcanic Phase V
0.50–0.30 Ma
(middle to late Pleistocene)
–
Volcanic Phase IV
1.22–0.50 Ma
(middle Pleistocene)
–
Volcanic Phase III 1.77–1.22 Ma
(early Pleistocene)
–
Volcanic Phase II
2.24–1.77 Ma
(early Pleistocene)
3.31–1.77 Ma
(late Pliocene-early Pleistocene)
Volcanic Phase I 5.27–2.73 Ma
(early to late Pliocene)
7.94–3.67 Ma
(late Miocene to early Pliocene)
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Basin (Fig. 1).
The paper has three interconnecte
sity maps of monogenetic volcanoes
maars) so as to deﬁne the dimensions
and their inferred source magma rese
data on the size and areal distribution
them, as regards volume, with simila
son, polygenetic shield volcanoes from
cluded in some of the plots, but the
monogenetic and, in many ways, sim
third aim is to use numerical modelli
size, age, and areal distribution of the
erences to the local stresses and load
magma reservoirs.
2. Data and methodology
In this study, we have compiled a
AHVP. Based on geological maps, mos
and the third volcanic phases except
ated during the second volcanic phas
the present study combines georefe
(Woller, 1984; Vesely, 1985; Busrewuth-westernmargin of the Sirt
ims. The ﬁrst is to provide den-
rater cones, lava shields, and
the twomain volcanic systems
irs. A second aim is to provide
f the lava shields, and compare
ields in Iceland. For compari-
eGalapagos andHawaii are in-
us is on comparison with the
r lava shields in Iceland. The
results to explain, crudely, the
a shields in the AHVP with ref-
history of the inferred source
a set for the lava shields of the
2.1. Size, distribution and slope of lava
The basal radius and height of each
tracted from very high-resolution s
criteria to mark the margin of the
(1994). The uncertainties or errors for
at 10 ± 5%, partly based on comparis
on dykes and volcanic ﬁssures obtain
imagery (cf. Elshaaﬁ and Gudmunds
volcano is calculated using standard
of the volcano is the difference betw
the elevation of the base and then the
radius of the lava shield. Similarly, the
were obtained from trigonometry. The
on the AHVP are, in comparison with
(cf. Pike, 1978; Hasenaka, 1994).
The areas of the lava shields wet four lava shields were gener-
The methodology used during
ced existing geological maps
nd Suwesi, 1993; Peregi et al.,
shape ﬁle for ArcGlobe imported into
individual lava shields. Because ArGI
calculate areas, it follows that ArcGIS
dinate system (PCS) rather than geog
The volumes of most lava shields were computed by approximat-
ing their shapes as truncated cones (Hasenaka, 1994). Here we con-
sider lava shields as of cone or pyramid shape. Lava shields do not
strictly have a cone shape, except the central parts (Rossi, 1997).
However, the method can be used as a crude indicator of their
volumes. More speciﬁcally, because of the small radius of the summit
crater in most lava shields compared with their basal diameters, a
very small error is introduced in the volume estimate even if the
missing volume in the summit crater (the depression) is ignored.
The approximation volume V of a lava shield is thus calculated as
that of a circular cone, namely as follows:
V ¼ πr2 h
3
ð1Þ
where r is the basal radius and h the maximum height of the lava
shield. The volumes of lava shields are probably underestimates be-
cause a part of the lava ﬂow ﬁeld of each shield is buried beneath
th
Gu
al a
s,
volume to explore and evaluate the relationships between different
lava shields and give a general view of the evolution of volcanism
and tectonics in both volcanic systems. As regards location, the lava
shields are essentially restricted to the north and south of the volca-
nic province and, as indicated, produced from the late of Miocene to
Pleistocene (Peregi et al., 2003; Less et al., 2006) with possibly some
activity in Holocene (Nixon et al., 2011). As explained, the lava
shields themselves formedmostly from lateMiocene to early Pleisto-
cene, but there are indications of later ﬁssure eruptions in their sum-
mit and central parts, some of which may be of Holocene age (Nixon
et al., 2011). The early lava shields are generally located near the
margins of the volcanic systems and the average volume of the
early lava shields greater than that of later or more recent lava
shields (Figs. 3; 4A).
Most lava shields on the AHVP are built up of pahoehoe lava ﬂows
(Busrewil and Suwesi, 1993; Peregi et al., 2003). Their basal diame-
ters range between 1.5 km and 11.7 km and they have gentle slopes
that range from 0.3° to 7°, with average around of 2°. They are thus
lopes in comparison with many
and (Rossi, 1997). They AHVP
e central summit crater than in
r shields. Most of the lava shields
Fig. 2.A)Map showing the areal distribution and order of the sixmain volcanic facies or phases from the late Miocene up to Holocene. Based on themaps by Busrewil and Suwesi (1993),
Peregi et al. (2003), Less et al. (2006). We considered the last volcanic phase continued until the Holocene based on the modern age dating by Nixon et al. (2011). Note the older
sedimentary rocks for Wadi Thamat and Bishimah Formations (Eocene), indicated by dark yellow colour, were not covered by later Miocene-Holocene lava ﬂows and seems to be the
boundary or barrier between two rather different paleovolcanic systems; see text for more explanation. B) Histograms showing the total area covered by the volcanic phases,
calculated using ArcGIS 10.1. C) Histograms showing the volume for each volcanic phase based on average maximum thickness measured in the ﬁeld by Busrewil and Suwesi (1993)
and Peregi et al. (2003). The volumes are generally decreased through the time.
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are usually imprecise (Andrew and
Frequency graphs and statistic
shield location, height, basal radiuicknesses of the lava shields
dmundsson, 2007).
nalyses were made of lava
slope angle, area as well as
very ﬂat, that is, with very gentle s
other lava shields, such as in Icel
shields are generally steeper near th
the lava apron area, as is common fo
on the AHVP are marked by well-developed cones of pyroclastic
breccias, agglutinates, and lava spatters at their summits. Some of
these appear to have been issued from later volcanic ﬁssures
(Busrewil and Suwesi, 1993; Peregi et al., 2003; Less et al., 2006),
some of which may be Holocene age (Fig. 4B). In addition, there are
occasional small pit craters on the ﬂanks of lava shields (cf.
Busrewil and Suwesi, 1993), as are commonly seen on lava shields
elsewhere, such as in Iceland (Rossi, 1997).
Fig. 3. Geological sketchmap showing the twomain volcanic systems based on geographical-geomorphological division and thickness sequence of lava ﬂows that are consistent with the
volcanoes density map in Fig. 11. Both volcanic systems constitute the largest volcanic province (AHVP) in Libya. The northern volcanic system (light green colour) is an order of a mag-
nitude larger than the southern volcanic system (orange colour).Map shows the distribution of various lava shields on the AHVP and the sites of Figs. 4, 5, 6, 10. The early large lava shields
occur mainly in the northernmost and southernmost parts of the volcanic province. Names of lava shields and their ages are taken from Busrewil and Suwesi (1993), Busrewil (2012),
Peregi et al. (2003), and Less et al. (2006).
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Most of the lava shields formed during the early volcanic phases
(late Miocene to early Pleistocene) and can be classiﬁed into three
groups according to age (Peregi et al., 2003; Less et al., 2006), namely:
i. Late Miocene – early Pliocene lava shield (7.94–3.67 Ma);
ii. Late Pliocene – early Pleistocene lava shield (3.31–1.77 Ma);
iii. Early Pleistocene lava shield (1.77–1.22 Ma).
Subsequently, eruptions occurred during themiddle Pleistocene and
into Holocene. These were mainly ﬁssure eruptions, generating crater
rows (of primarily scoria cones) up to several km long; one example is
seen in Fig. 10. Some of the ﬁssure eruptions, however, occurred in
the summit areas of the lava shields, even if the lava shields are primar-
ily monogenetic. The most recent eruption within the AHVP occurred
2300 years ago (Nixon et al., 2011). Hence the AHVP is likely to be still
active, particularly the northern volcanic system.
The ﬁrst group (i) is composed of the largest lava shields of the
AHVP. The average height is 69 m, basal diameter 5.5 km, and volume
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monogenetic lava shields in Iceland (Andrew and Gudmundsson,
2007); 22 Holocene Icelandic shields are included with the AHVP lava
shields in Fig. 8. For comparison, we also include the large, polygenetic
shield volcanoes onHawaii (3 volcanoes) andGalapagos (12 volcanoes)
together with the 22 from Iceland and 55 from the AHVP in Fig. 9. The
radius and height of lava shields on the AHVP are clearly much closer
to monogenetic lava shields in Iceland than polygenetic shield volca-
noes on Hawaii and Galapagos (Fig. 9). On this logarithmic plot we
have R2 = 0.6534, but the straight line is actually a non-linear function,
so that the correlation (using non-transformed axes) is really non-
linear.
The typical monogenetic lava shields in Iceland consist of a central
cone and a lava apron (Rossi, 1997). The central cone is roughly sym-
metrical and sloping in the range from 2° to 9° whereas the apron is typ-
ically of a roughly circular shape and extending for many kilometres
with regional slopes from 0.2° to 5° (Rossi and Gudmundsson, 1996).
Monogenetic lava shields, as in Iceland and AHVP, are believed to be
formed in single eruptions, some of which may have lasted tens of
al., 1978: Gudmundsson, 1986;
he eruption usually commences
omes focused at several points so
all shields. In ﬁnal state, the erup-
e large point that forms the main
smaller shields (Gudmundsson,
07).
lobes or units, features that can
well as from satellite imagery.
identiﬁed by earlier authors (e.g.
1993) and given phase numbers
bes for each volcanic phase is the
i-episode of a single eruption, or
ons (Self et al., 1998). Based on
nic phase is more likely the result
ions. While each individual erup-
may stop at any stage – so that a
the end stage (Gudmundsson,
and Gudmundsson, 2007). There-
initiated in an individual eruption
we have observed in many places
ple, the 23-km-long Anquwd al
e AHVP, produced ﬁve small lava
ig. 10) rather than a single large
radual decrease in volume of lava
lcanic phases through time. Also,
al Aswad system are, on average,
le Ea d at the northernmostmargin of the AHVP.
way thedark volcanic cones in the summit area
are t zones in thewestern part of the Sirt Basin.
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Aswad volcanic system (Fig. 5). A
Gharaniq, one of the largest lava shie
89 m, basal diameter 11.7 km, and v
lava shields are located in the north
Aswad volcanic system, except that t
with a volume of 1.25 km3, is located
Haruj al Abyad volcanic system.
The second group (ii) of lava shiel
conﬁned to the south part of Al Har
Qarat Tawaylah lava shield (Fig. 4A),
al Abyad system, belongs to this typ
46.8 km2 and its height 49 m, yieldi
Many lava shields in this group may
lava ﬂows, particularly in the central
may partly account for their scarcity
is composed of shields that are wid
volcanic systems. These lava shield
basal diameter of 3.4 km, and volum
comparatively young (Fig. 6), but ar
the other two older groups (Fig. 7).
Lava shield volume and area show
lation (Fig.7). With R2 = 0.7459, the r
variation in volume of lava shields c
from, their variation in area. (Lava s
be taken as the independent variabl
the variation in lava shield area.) Sim
Fig. 4.A) Satellite imagery (adapted fromGoog
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of the lava shield. The alignment of scoria cones
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l Abyad volcanic system. The
southernmost of the Al Haruj
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volume of around 0.76 km3.
e been buried by subsequent
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contrast, the third group (iii)
distributed within both the
ave average height of 68 m,
f 0.23 km3. They clearly look
aller than the lava shields in
easonably strong linear corre-
lts mean that about 75% of the
be explained by, or predicted
ld volume can, of course, also
d used to forecast or explain
relationships are obtained for
years (Walker, 1965; Jakobsson et
Andrew and Gudmundsson, 2007). T
with a ﬁssure but then gradually bec
as to generate several overlapping sm
tion becomes concentrated on the on
shield that buries the overlapping
2000; Andrew and Gudmundsson, 20
A lava shield consists of multi-ﬂow
be easily recognised in the ﬁeld as
Some of these features may have be
Klitzsch, 1968; Busrewil and Suwesi,
to decipher whether multiple-ﬂow lo
product of a single eruption, a mult
the result of totally different erupti
ﬁeld relations in the AHVP each volca
of a single eruption than many erupt
tion begins with a volcanic ﬁssure it
large lava shield is not a necessary
1986; Gudmundsson, 2000; Andrew
fore, small overlapping cones may be
from a segmented volcanic ﬁssure as
in the Al Haruj al Abyad. For exam
Yasarat ﬁssure, the longest one in th
shields and dozens of crater cones (F
lava shield.
As indicated above, there was a g
shields and in the intensity of the vo
the eruptive volumes in the Al Haruj
rth) showing the lateMiocene – early Pliocene lava shield (Qarat Trounzah) which is locate
lah (adapted fromGoogle Earth), indicated by red broken line. Themost recent eruptions are
NW-SE in (A) andWNW-ESE in (B), coincidingwith the orientation of themain fracture/faul
an order of magnitude larger than those in the Al Haruj al Abyad system
(Fig. 2). This may suggests that the total volume during the lava shield
phases produced by Al Haruj al Aswad is much than that produced dur-
ing the same periods by Al Haruj al Abyad.
3. Spatial density of volcanic eruptions
The spatial distributions of 432 volcanic eruption sites have been ex-
amined and presented as an eruption-point density map, that is, as the
number of eruption points per square kilometre (Fig. 11). For this task,
ArcGlobe 10.1 was used to plot accurately the volcanic vents and
polyline.shapeﬁle was then imported to ArcGIS 10.1 to create the density
map. Point density map calculates the number of points, here eruption
points or sites, per square kilometre within a circular neighbourhood of
a given radius and presents as intensity or magnitude contours. The spa-
tial density map was drawn by ArcGIS 10.1 that used a search radius of
40 km to produce a more generalised output raster where all the volca-
noes that fall within the neighbourhood (40 km) are used when
calculating the density. Therefore the red spots in Fig. 11 represent the
maximum density which then gradually decreases (indicated by the col-
ours) away from the centre. The 40 km search radius highlights the
crustal-scale distribution (Lesti et al., 2008). Only volcanoeswith clear cir-
cumferences are used in making the map (Fig. 11), so as to reduce the
possibility of including non-volcanic features. The volcanoes used are
lava shields, scoria cones, spatter cones, and a few maars (the latter
occur mainly in the southernmost part of the AHVP). The similarity of
clustering or density of the eruption points in the north and south volca-
nic systems indicates that themechanismofmagma generationwasmost
likely similar (Le Corvec et al., 2013). In addition, many of the eruption
points are aligned and, apparently, follow pre-existing fractures, possibly
used partly as channels. More details on themagmatism in AHVP and the
tectonic activity in the nearby Sirt Basin are provided by Elshaaﬁ and
Gudmundsson (2016).
The spatial distribution of eruption points, presented as magnitude
contours, can be subdivided into twomain density subzones or subareas.
One is in the northern part of the AHVP and mainly made up of lava
Fig. 5. Lava shield Qarat al Qala in the northernmost part of the AHVP (adapted from Google Earth). Small volcanic cones at the top of lava shield appear to be formed by later eruptions.
NW-SE trending indicates a volcanic ﬁssure. The lower graph shows the cross-section of the lava shield.
52 A. Elshaaﬁ, A. Gudmundsson / Journal of Volcanology and Geothermal Research 338 (2017) 46–62
shields, as well as some scoria cones, including the youngest volcanoes in
the area. The second subarea is in the southern part of the AHVP and con-
tains mainly scoria cones or crater rows associated with volcanic ﬁssures
and small lava shields. The central area between these subareas has a very
lowdensity of eruption points (Fig. 11) andmarks the boundary between
the two volcanic systems identiﬁed in Fig. 3. The suggestion as to the
boundary between the systems is supported the earlier studies (e.g.
Peregi et al., 2003) which indicate that the Al Haruj Volcanic Province
(AHVP) consists of two different paleovolcanic systems. We suggest that
each system is supplied with magma from a speciﬁc magma reservoir.
The density maps may be used as a crude indication of the geometry
and location of the source magma reservoirs.
4. Magma reservoirs
The basalts of the AHVP showbroad similarities, with onlyminor geo-
chemical differences being recognised (Peregi et al., 2003; Less et al.,
een generated by 1–5% melting of
he depth of origin of the partial
depths of 80–150 km (Bardintzeff
011) suggest that the melts of the
Fig. 6. Early Pleistocene lava shield Qarat Ar Rways in the southern part of the AHVP, inset map showing location (adapted from Google Earth). The lava shield is comparatively small and
with un-weathered lava, suggesting young age. Also shown is a cross-section, indicating how gently sloping the shield is.
Fig. 7. Graph showing the relationship between are
AHVP. The coefﬁcient of determination R2=0.7459
while x and y are the area and volume for each lav
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et al., 2012). However, Nixon et al. (2
a and volume of 55 lava shields on the
, where n is the number of lava shields
a shield respectively.
AHVP were (and are) generated at dep
higher melt fraction, namely between 13.
The estimated equilibrium pressure v
xenoliths indicate that the magmas e
magma reservoirs at temperatures of
1.8 GPa, and thus from depths of 35–5
contrast, Nixon et al. (2011) suggest th
the primitivemagma occurred at depths
of 1215–1360° C. The location of the re
transition zone between the lowermost
also the depth of many magma reserv
partially molten ‘magma layer’ in Iceland (Gudmundsson, 1986, 2016;
cf. Hermance, 1981; Schmeling, 1985). More detailed geophysical stud-
ies may help provide a better constrain on the magma layer in general
and that of the reservoirs of the AHVP in particular.
The low-density magma, the lighter magma, tends to move upwards
to the regions of minimum potential energy (Gudmundsson, 2011,
2016), andgradually forms layers (compartments)withhighmagmapro-
portion, even totally molten pools, in the upper portions of the reservoirs
(cf. Gudmundsson, 1987, 2012). Therefore, themagma content or propor-
tion in thepartiallymoltenof upper partsmagma reservoirsmaybemuch
greater than that in the lower parts (Gudmundsson, 1986, 1987).
The high degree of thermal maturity of shallow sediments as seen in
oil wells in the western margin of the Sirt Basin indicates that more
than one kilometre of sedimentary sequence was uplifted and eroded
during the late Miocene (Gumati and Schamel, 1988; Abadi et al., 2008).
Regional uplift during extension is commonly the effect of the excess
pressure in and doming of a magma reservoir (Gudmundsson, 1986).
The lateMiocene uplift in thewholewest part of the Sirt Basin is support-
Q1-11; aa1-11, Zallah trough) in
tion (Gumati and Schamel, 1988;
rustal doming during the late Mio-
the reservoirsmay have ledmore
rtical section (thicker reservoirs)
basaltic magma) in the upper por-
tal parts between twomagma res-
arrier so as to hinder magma to
) (Gudmundsson, 1986).
estern part of the Sirt Basin during
ted, however. Some authors (e.g.
est that lithospheric doming was
tle upwelling as found in many
heric rise caused decompression
tkovic´ et al., 2010). Also, Nixon
olcanism in the AHVP and larger
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btained from studies of peridotite
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generation. It is also noteworthy
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Fig. 8. Graph showing the relationship between are
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4.1. Geometry of magma reservoir
The rough elliptical surface express
points or volcanoes in the density map
ellipsoidal geometry of themagma rese
(Fig.11). This follows from the observa
nic systems tend to reﬂect the plan-vie
voirs (Gudmundsson, 2000, 2016), a co
concentration considerations (Gudm
thatmagma reservoirsmay extend in a
compressive stress σ1 and perpendicu
σ3 (Gudmundsson, 1986). So if we tak
soids, as a ﬁrst approximation (Gudm
would be oriented NE-SW, that is, pa
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rection parallel to maximum principal
a and volume of 55 lava shields on the
the Reykjanes Peninsula, Southwest
rom Jonsson (1978), Jakobsson et al.
he coefﬁcient of determination R2 =
sal radius and height of lava shields on
ld volcanoes in the Galapagos (12 vol-
olcanoes from Galapagos and Hawaii
enaka (1994). The coefﬁcient of deter-
Fig. 10. Satellite imagery (adapted from Google Earth) showing one of the largest volcanic ﬁssures on the AHVP (≈23 km long) whose lava ﬂow and feeder dyke have a volume of about
4.16 km3. The ﬁssure has formed several small lava shields and dozens of scoria cones. The inset map shows the location of this volcanic ﬁssure.
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Fig. 11. Density map of volcanoes (eruption points) showing the magnitude (the number of eruption points that fall within a circular neighbourhood of 40 km) in order to highlight the
crustal scale distribution. The red spots represent the maximum density which clearly corresponds to two rather different volcanic systems as follows: the Al Haruj al Aswad volcanic
system in northern part and the Al Haruj al Al Abyad volcanic system in the southern part. Ellipsoidal geometry of both magma reservoirs beneath the Al Haruj region has been
inferred from rough elliptical distributions of the magnitude of eruption points in the systems. The inferred magma reservoir is elongated parallel to maximum compressive stress,
NW-SE, and perpendicular to maximum tensile stress, NE-SW, in the Sirt Basin.
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The areas and lengths of the axes of the twomagma reservoirs have
been calculated through ArcGIS 10.1. We use the measured area of the
Al Haruj al Aswad volcanic system, 19,176 km2, and its major and
minor axes of 210 km and 119 km, respectively. Also, for the Haruj al
Abyad volcanic system, the area is 6209 km2 and the major and minor
axes are 108 km and 74 km, respectively. The volume of reservoir may
be estimated if the thickness is known and vice versa, using the equa-
tion (Gudmundsson, 1986):
Vb ¼
4
3
AC ð2Þ
where Vb and C are the bulk volume and the half thickness of reservoir
respectively, while A is the area.
Mechanical behaviour of magma reservoirs can be modelled
as poroelastic (Machado, 1974; Blake, 1981; Wadge, 1981;
Gudmundsson, 1987, 2016; Browning et al., 2015; Tibaldi, 2015). Thus
the volumes of the reservoirs during individual eruptions in the AHVP
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model for the Earth's crust based on seismic refraction data (Wienecke
and Stadtler, 2014). The compression (Vp) and shear seismic velocities
(Vs) of the main three crustal layers and the underlying mantle are
given in Table (2). The values of Young's modulus for the upper crust,
lower crust and the underlyingmantle were calculated by using the com-
pression and shear seismic velocities and densities from global model for
the Earth's crust data based on the following equation (Jaeger and Cook,
1969):
Ed ¼
V2s ρ 3
V2p
.
V2s
 
−4
 
Vp=Vs
 2
−1
ð4Þ
where Ed is dynamic Young's modulus, Vp is compression wave velocity,
Vs is shear wave velocity and ρ the density of the rock. The static Young's
modulus is commonly half the dynamic Young's modulus according to
laboratory measurements (Clark, 1966; Cheng and Johnston, 1981;
Gudmundsson, 1990; Gudmundsson, 2011). Therefore, the values of stat-
qual to half value of the dynamic
(the lower crust), which is most
, is about 60 GPa (Table 3). The
lculated from the following equa-
ð5Þ
and ν is the Poisson's ratio whose
around 0.25. Therefore, the com-
ocal of bulk modulus) is about
sibility of basaltic magma at
10 Pa−1 (Gudmundsson, 1987,
re, the excess magmatic pressure
ost rock. Therefore, we may sub-
gth of the host rock in the Eq. (3)
ð6Þ
host rock.
ive strength of the rocks in the Sirt
36 MPa (Qui et al., 2008). Tensile
with unconﬁned compressive
Fig. 12. Burial history of the western part of the Sirt Basin (well aa1-11, Zallah trough) showing that the regional uplift or doming of the area began during the late Miocene (Gumati and
Schamel, 1988; Abadi et al., 2008). The inset map shows the location of the well QQQ1-11 which is near to the well aa1-11 at the Zallah trough.
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1987, 2016):
Vb ¼
Ve
peφ βm þ
βb
φ
 
where Ve is the volume of eruptive m
fraction porosity of the reservoir, pe
in the reservoir, βm and βb are magm
pressibility of the reservoir, respective
Here we assume that the magma
at an average depth of around 35 km,
ary between the lower crust and up
Nixon et al., 2011). The structural l
been subdivided into several layers
crust, upper crust and uppermost cru
Mesozoic and Cenozoic sediments (G
discontinuity is estimated at around
the Sirt Basin while it is at around 26
east parts of the basin (Ghanoush et a
that the magma reservoirs are locat
lower crust and upper mantle.
Elastic rock properties of the uppe
been measured on extracted drill co
downhole studies (Qui et al., 2008; A
chanical properties of the deeper crustaing equation (Gudmundsson,
ð3Þ
erial in a single eruption, φ is
he excess magmatic pressure
ompressibility and bulk com-
ervoirs were generally located
ich corresponds to the bound-
r mantle (Peregi et al., 2003;
osphere of the Sirt Basin has
cluding upper mantle, lower
The latter involves Palaeozoic,
noush et al., 2014). The Moho
–40 km deep in southeast of
3 km in the centre and north-
014). Thus, it seems plausible
at the boundary between the
ost crust of the Sirt Basin have
s samples as well as through
lkadeer et al., 2009). The me-
artswere inferred froma global
ic Young's modulus in Table (2) are e
Young's modulus.
Young's modulus for the layer 7
likely to host the magma reservoirs
bulkmodulus K for this layer can be ca
tion (Gudmundsson, 2011):
K ¼ E
3 1−2νð Þ
where E is the static Young'smodulus
common value for most solid rocks is
pressibility β of layer 7 (the recipr
2.50 × 10−11 Pa−1 and compres
1100–1300° C is about 1.25 × 10−
2016). At the time of reservoir ruptu
is equal to the tensile strength of the h
stitute excess pressure by tensile stren
to obtain:
Vb ¼
Ve
φT0 βm þ
βb
φ
  
where T0 is the tensile strength of the
The average unconﬁned compress
Basin measured in laboratory tests is
strength has a well-known relation
strength, but the relation depends somewhat on the rock type (Brook,
1993; Gudmundsson, 2011). Nazir et al. (2013) propose a relation be-
tween unconﬁned compressive strength (USC) and tensile strength T0
of limestone on the form:
USC ¼ 9:25T0:9470 ð7Þ
This relation is very close to the well-known assumption that the ratio
of compressive strength to tensile strength is approximately 10
(Sheorey, 1997; Gudmundsson, 2011). Accordingly, the average tensile
strength of rocks in the Sirt Basin is around 4.2MPa. This conclusion is in
good agreement with the common in-situ tensile strength of typical
solid rocks of 4–5 MPa (Haimson and Rummel, 1982; Schultz, 1995;
Andrew and Gudmundsson, 2007; Gudmundsson, 2011).
Fig. 13. Schematic illustration of the evolution the inferred magma reservoirs beneath the AHVP and some associated volcanism. Owing to fractional crystallisation the lighter (less dense)
fraction of the basaltic magma tends to be accumulated in the uppermost part of the reservoir to form pools. While the locally thicker crust between two magma reservoirs may have acted
as barrier to prohibit magma transport between them (cf. Gudmundsson, 1986). This barrier seems to correspond roughly with the Eocence sedimentary rocks of Wadi Thamat and
Bishimah Formations (Eocene), indicated by dark yellow colour (data from Peregi et al., 2003). The schematic evolution is as follows. A) After the relaxation of the effect of compressive
stresses at the bottom of lower crust, dykes would be injected from the margins of reservoir due to concentration of tensile stresses as seen in the numerical model results (Fig. 15), and
much more eruptive material was produced during this period than in subsequent periods. Some dykes may use high angle pre-existing normal faults as part of their conduits in the
uppermost of the crust (Elshaaﬁ and Gudmundsson, 2016). B) The volcanic activity on the AHVP continued with slightly decreasing production until middle Pleistocene. C) Volcanic activity
mainly ceased in the southern volcanic system in middle Pleistocene whereas activity in the north volcanic system continued, but with diminished lava production into Holocene, primarily
as volcanic ﬁssures forming crater rows. The basaltic rocks of the most recent volcanic eruptions are more evolved (cf. Asran and Aboazom, 2004; Farahat et al., 2006) than those in the
earlier eruptions which indicates that they were erupted from the uppermost central part of northern magma reservoir (cf. Karaoğlu et al., 2017).
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Thus, from Eq. (6), and inserting the appropriate values for the pa-
rameters, the bulk volume of the reservoir is obtained from the follow-
ing equation:
Vb ¼ 2381
Ve
1:25φþ 0:25ð Þ ð8Þ
As we see here the volume of the reservoir needed to produce a
given eruptive volume Ve depends upon
φ. For instance, if we assume the magm
(φ=1) the volume of reservoir would
the same reservoir had only 0.25 magma
Although the volume of a single eru
ﬁcult to estimate, particularly since man
products could be formed in more tha
discussed earlier), the lava shields are gen
netic (Walker, 1965; Jakobsson et al.,
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be 990 km3. If, however, the reservoir was partially molten with a po-
rosity or magma fraction of 0.25 (cf. Gudmundsson, 2016; Karaoğlu
et al., 2017), the bulk volume of reservoir would be 2637 km3. The aver-
age volumeof early lava shields in the Al Haruj al Abyad volcanic system
is around 0.34 km3 and the estimated average volume of the feeder
dykes, assumed the same as for the northern volcanic system, about
0.013 km3. It follows then that the volume of the corresponding reser-
voir would have to be 561 km3 if the φ=1 and 1494 km3 if φ=0.25.
The thickness of the reservoir is estimated from Eq. (3) as about 78 m
for the Al Haruj al Aswad volcanic system and as about 136 m for
the Al Haruj al Abyad volcanic system when the reservoirs are
assumed completely molten. By contrast, the thicknesses of the reser-
voirs for the north and south volcanic systems are around 206 m
and 361 m, respectively, when the reservoirs are assumed partially
molten (φ=0.25). Notice that although we give the average thick-
nesses of the reservoirs to a metre, these are crude estimates and
depend strongly on the assumed melt fraction φ and other factors,
discussed below.
the reservoirs are similar to those
any continental areas. It should be
re likely to be much thicker. The
elow, refer primarily to the thick-
servoirs supplying magma to the
1987, 2016). Under certain condi-
at is, a much thicker layer) would
le duringmajor caldera or graben
oir (Gudmundsson, 2015, 2016).
uch thicker than the above values
sed further below.
in the assumption that each indi-
gma ﬂow from the reservoir. It is
re formed simultaneously from a
servoir volume, in particular the
ed signiﬁcantly. For example, the
pear to be erupted during a single
he same feeder dyke. This follows
arby segments tips are very small
gths. The segments are therefore
ontinuous fracture (Babiker and
, 2011). Hence we may also esti-
e associate magma reservoir as-
ere generated in a single long-
eservoir, indicating a larger reser-
ove (the estimated reservoir area
sity distribution of the eruption
hanges when the volume erupted
reservoir increases as would be
ormed in a single ﬂow out of the
res (Anquwd al Yasarat) the vol-
d at about 4.17 km3 using ArcGIS
eservoir area would remain the
=0.25 the thickness would be
olten) the thickness would be
knesses.
reservoirs, only their uppermost
ruption. This follows from general
irs (Gudmundsson, 1987, 2016)
basaltic rocks in the AHVP being
alue in the range 7 to 9% (Peregi
3; Farahat et al., 2006).
is the most common numerical
l and partial differential equations
Table 2
Dynamic and static elastic moduli for the Earth's crust and underlying mantle used in the
numerical models. Densities and seismic velocities are taken from Global Model for the
Earth's crust (Wienecke and Stadtler, 2014).
Layer Vs (km/s) Vp (km/s) ρ (kg/m3) Vp/Vs Ed (GPa) E (GPa)
Upper crust 2.5 5 2600 2.00 44 22
Middle crust 3.65 6.6 2900 1.81 99 49
Lower crust 3.9 7.1 3050 1.82 120 60
Mantle 4.65 8.1 3350 1.74 181 90
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may have lasted for several years or
the Al Haruj region may have assum
where the whole reservoir may ha
eruption.
The average volume of latest Mio
on the Al Haruj al Aswad volcanic sy
of same age lava shields on the Al
about 0.61 km3 and 0.34 km3, respect
average volume of a corresponding
and thickness (opening) of volcanic ﬁ
tively (Elshaaﬁ and Gudmundsson, 2
sion), using the estimated magma so
the estimated average volume of the
Combining the feeder-dyke volume a
erage volume leaving the reservoir Ve
comes 0.623 km3 and 0.353 km3.
reservoir has been estimated from Ar
may be estimated from Eq. (8) for in
these, the thickness of individual mag
mated from Eq. (2).
If the uppermost part of the reserv
nic system were totally molten, then
part of the reservoir which supplies
Table 3
Static Young'smoduli, densities aswell as thick
mericalmodels. Thicknesses and densities of th
ity and magnetic model of the northeast Sirt Ba
Layer Age Thi
Layer 1 Miocene 3.2
Layer 2 Eocene-Oligocene 1.8
Layer 3 Paleogene 1.1
Layer 4 Mesozoic 2.9
Layer 5 Paleozoic 3.3
Layer 6 Upper and middle crust 8.7
Layer 7 Lower crust 13
Layer 8 Mantle 66the assumed magma fraction
a reservoir was totally molten
be smaller (≈1588Ve) than if
fraction(≈4233Ve).
ption in the AHVP is often dif-
y individual volcanic phase or
n one volcanic eruption (as
erally believed to bemonoge-
1978: Gudmundsson, 1986,
ation of each lava shield is
though some of the eruptions
re. Thus, most lava shields on
as formed in single eruptions
supplied magma during the
e – early Pliocene lava shields
m is greater than the volume
uj al Abyad volcanic system,
ly. For a rough estimate of the
der dykes, the average length
res is 364 m and 1 m, respec-
6), and its height (dip dimen-
e, is about 35 km depth. Thus
der dykes is about 0.013 km3.
the extrusive volumes, the av-
r the two volcanic systems be-
ence the area of individual
S 10.1 and volume of reservoir
idual volcanic eruption. Using
reservoir may be roughly esti-
for the Al Haruj Aswad volca-
m Eq. (8), the volume of that
gma during eruptions would
The estimated thickness values for
of thick sills, such as are exposed inm
noted, however, that the reservoirs a
thickness values indicated here, and b
ness of the uppermost parts of the re
individual eruptions (Gudmundsson,
tions, a larger part of the reservoir (th
contribute to the eruption – for examp
subsidence into the top of the reserv
So, generally, the reservoirs may bem
– of the order of kilometres, as discus
There may also be an uncertainty
vidual lava shield represents one ma
possible that several lava shields we
single reservoir, in which case the re
reservoir thickness, would be increas
Anquwd al Yasarat volcanicﬁssures ap
eruptive cycle (Fig. 10) and fed from t
because the distances between the ne
in comparison with the segment len
functioning mechanically as single c
Gudmundsson, 2004; Gudmundsson
mate the volume and thickness of th
suming that several lava shields w
lastingmagma ﬂow from the source r
voir thickness than in the estimate ab
is essentially constant given the den
points, Fig. 11, so only the thickness c
during a single magma ﬂow from the
the case if several lava shields were f
reservoir).
For these particular volcanic ﬁssu
ume of eruptive materials is estimate
10.1 (Fig. 10). The corresponding r
same, but a thickness changes. For φ
4265 m and for φ=1.0 (totally m
1600 m. These are both plausible thic
Whatever the magma fraction the
parts normally supply magma to an e
models on magma chambers/reservo
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moderately fractionated, with MgO v
et al., 2003; Busrewil and Suwesi, 199
5. Numerical model
The ﬁnite element method (FEM)
technique used for solving differentia
es of the crustal layers used for the nu-
permost crust are extracted fromgrav-
by Ghanoush et al. (2014).
ss (km) ρ (kg/m3) E (GPa)
2250 11
2300 14
2350 18
2500 20
2550 25
2700 35
3050 60
3350 90
(Henk et al., 2013). Numerical models based on the ﬁnite element
method can provide quantitative information on the local stresses
ﬁeld distribution around magma reservoirs. Numerical models can
thus improve our understanding the volcanotectonic activity in areas
such as the present one, in particular as regards region the stress-
conditions formagma reservoir rupture, dyke injection and propagation
with the potential to feed eruptions. Comsol Multiphysics (5.1), the ﬁ-
nite element program used here, is a commercial multipurpose soft-
ware (www.comsol.com).
Wemade several numerical models in order to explore the potential
effects of uplift or doming of the western part of the Sirt Basin on the
stress ﬁelds around magma reservoirs in the Al Haruj region. We con-
clude that the local stresses around themagma reservoirs are favourable
to rupture and injection dyke during the late Miocene – early Pliocene
boundary conditions.
5.1. Model setup
as b
r m
ala
014
ew
ario
ll t
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d a
th o
mantle boundary. The reservoir is, in some of the models, subject to a
constant internal magmatic excess pressure (pe) of 5 MPa, which corre-
sponds to the typical in-situ tensile strength (T0) of the host rocks in the
Sirt Basin. There is, in addition, the tensile loading of 5 MPa associated
with the regional stress ﬁeld. Some models have, in addition, regional
doming-related pressure at the bottom of the crust. All models are
fastened at the lower boundary to avoid any rigid-body rotation
and/or displacement. The numerical models then provide the magni-
tudes of the maximum principal tensile stresses as coloured contours
(Figs. 14, 15).
5.2. Model result
In the ﬁrst model (Fig.14B), we focus on the effect of doming due to
excess magmatic pressure at the bottom of the crust. The doming is
known to have been about 1000 m. Here the doming is generated by
20 MPa excess pressure at the depth of the crust-mantle boundary
and extends under the entirewestern part of the Sirt Basin.More specif-
ubject to doming at the bottom of
extension at the boundary of the
iated with the Sirt Basin. By con-
r doming is conﬁned to the reser-
emselves and their immediate
n difference between the models
general large-scale crustal doming
ern part of the Sirt Basin. By con-
local effect of excess pressure, ex-
the reservoirs themselves.
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chanical layers, comprising the uppe
as well as uppermost crust with the P
sedimentary rocks (Ghanoush et al., 2
the crust and underlyingmantle of th
here modelled as eight layers with v
Young's moduli (Table 3; Fig. 14A). A
the same typical Poisson's ratio, 0.25,
The magma reservoir wasmodelle
193 km and located at a crustal depFig. 14.A) Finite elementmodel setup. An 850 kmw
with 20 MPa doming pressure, indicated by red con
model is fastened at the lower boundary using a ﬁx
rock are used in Table 3.Magma reservoir ismodelle
by black arrows, to the far both boundary conditio
stress magnitudes. The regional uplift or doming
reservoir. Compressive bending stresses, due to th
during this stage the volcano-tectonics are not suit
(MPa) and would have reactivated and/or generateeen subdivided into eight me-
antle, lower crust, upper crust
eozoic, Mesozoic and Cenozoic
), as alreadymentioned. Thus,
estern part of the Sirt Basin are
us thicknesses, densities, and
he layers are assumed to have
solid rocks.
s elliptical with a major axis of
f 35 km, namely at the crust-
ically, an entire 850 kmwide zone is s
lower crust. In addition there is 5 MPa
model, reﬂecting the extension assoc
trast, in the second model the uplift o
voirs of the volcanic systems th
surroundings (Fig. 15). Thus, the mai
is that themodel in Fig. 14B relates to
over a wide area, including the west
trast, the model in Fig. 15 shows the
pansion (and dome local doming) inide zone that represents thewestern part of the Sirt Basinwas subject to uplift and domingduring the lateMiocene (Fig. 12),modelled
es. The deep seated magma reservoir is located at the boundary between the lower crust and upper mantle and is 193 km wide. The
ed constraint so as to avoid any rigid body rotation or displacement. Various elastic mechanical properties and thicknesses of the host
d as an elliptical cavitywith an excessmagmatic pressure of 5MPa. Tensile stress (−5MPa) is applied as regional stress ﬁeld, indicated
ns of the model. B) Finite element model results. Colour contours represent the minimum compressive (maximum tensile) principle
may be generated compressive stress at the bottom of the lower crust and likely to be extended to the area surrounding magma
e doming, at the bottom of the curst would have prevented signiﬁcant dyke injections and eruptions in late Miocene. Therefore,
able to trigger eruption. By contrast, the tensile stresses in the upper crust to reach theoretical values of several tens of mega-pascal
d new fractures and faults, particularly normal faults, as are observed in the seismic lines of the western part of the Sirt Basin.
The local stress ﬁeld in the western part of the Sirt Basin was inﬂu-
enced particularly by doming in the late Miocene. The doming induces
stresses which, in turn, depend on the mechanical properties of the
crustal layers. The resulting variations in the ambient stress ﬁeld in
magnitudes and orientation are commonly referred to as stress pertur-
bations and give rise to speciﬁc patterns referred to as the local stress
ﬁeld (Henk et al., 2013). The local stress ﬁeld magnitudes reach several
tens of megapascals (MPa) (Fig. 14B). We infer that the local palaeo-
stress ﬁeld controlled the generation and reactivation fractures in the
area, in particular as observed in seismic lines of the western part of
the Sirt Bain (cf. Abdunaser and McCaffrey, 2015).
In the second model (Fig. 15), we assume that the original doming
stresses, resulting in compressive stresses at the crust over the 850 km
wide area, have been somewhat reduced. This relaxation may have
taken millions of years. After the relaxation of compressive stresses in
the bottom of crust, at the crust-mantle boundary, themagma reservoir
itself induces local tensile stresses around its margins. The induced ten-
sile stresses around reservoirmargins result in increased chances of res-
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hat
separate volcanic systems. Each systems contains numerous monoge-
netic volcanoes, particularly crater cones, lava shields, and (some)
maars. Each system is thought to be fed by a deep-seated and very ex-
tensive magma reservoir.
The lava shields on the AHVP aremostly gently sloping, based on the
classiﬁcation of Pike (1978). They are generally more gently sloping but
otherwise roughly similar to many Holocene monogenetic lava shields
in Iceland in terms of areas and volumes, although the largest shields
in Iceland are considerably larger than those of the AHVP. By contrast,
the lava shields of AHVP are many times smaller than the polygenetic
shield volcanoes on Hawaii and Galapagos. The AHVP lava shields are
regarded as being mostly monogenetic, that is, formed in single erup-
tions, some of which may have been of long duration.
The spatial distributions of the lava shields are essentially restricted
to the north and south parts of the volcanic province. Theywere primar-
ily formed in the period from late Miocene to early Pleistocene, but
some volcanic activity may have continued into Holocene. In particular,
there are indications of small ﬁssure eruptions – some of which may be
some lava shields. The early lava
gins of the volcanic systems and
-formed shields – which are also
d.
a shields and areal distribution of
th time.More speciﬁcally, the vol-
zes of the areas covered by volca-
volcanic system is, on average,
ases in the Al Haruj al Abyad vol-
volume of lavas produced over a
lcanic system is much more than
ring the same time, in the south-
ts are concentrated in two areas
uggest the existence of associated
al., 2008) beneath the volcanic
Fig. 15. A) Samemodel setup, mechanical layers, loading and boundary conditions as in Fig. 14Awith the effect of doming of the lower crust removed from themodel. The relaxation time
to release the effect of compressive stresses at the bottom of the crust (Fig. 14) probably took severalmillions of years. Following this relaxation, excessmagmatic pressure and contrast in
mechanical properties of layers generated (B) maximum tensile stresses around margins of the magma reservoir and in the uppermost layers. These local stresses ﬁeld encourage
rupturing and injecting of dykes from its margins rather than the central part, in agreement with the location of most of the lava shields. Colour contours representing the minimum
compressive (maximum tensile) principle stress.
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feed eruptions (Fig. 13 A). The erupt
frequency until the middle Pleistocen
number and volume since the midd
volcanic activity in the Al Haruj al Ab
middle Pleistocenewhilst themagmat
at least Holocene near the centre of th
al Aswad system, producing much sm
evolved basaltic rocks than the ea
Aboazom, 2004; Farahat et al., 2006; C
6. Discussion and conclusions
This study focuses on monogenet
the western part of the Sirt Basin in L
form two density peaks or groups trticularly from its margins to
s may have been sustained in
Fig. 13 B) and then declined in
leistocene. Subsequently, the
d system diminished much in
and volcanism still continued
agma reservoir of the Al Haruj
er ﬁssure eruptions with more
er eruptions (i.e. Asran and
tkovic´ et al., 2010) (Fig. 13 C).
olcanoes in the AHVP area in
a. We show that the volcanoes
can be distinguished as two
of Holocene age – in the summits of
shields are mostly located at the mar
generally of larger volumes than later
geographically more widely distribute
The volumes of an individual lav
volcanic phases gradually decreasewi
umes of individual lava shields and si
nic phases in the Al Haruj al Aswad
greater than similar eruptions and ph
canic system. It is clear that the total
given time period in the northern vo
the total volume of lavas produced, du
ern volcanic system.
Most of the eruption sites or poin
within theAHVP. These distributions s
separate magma reservoirs (Lesti et
systems, namely one reservoir beneath each system. Thus, we propose
that the AHVP may be divided two distinct volcanic systems, each
with its own source magma reservoir, a suggestion also made by other
authors (i.e. Peregi et al., 2003). The two proposed volcanic systems
are those of Al Haruj al Aswad and Al Haruj al Abyad.
From Eq. (8) themagma fraction of the reservoir presumably played
a signiﬁcant role in controlling the eruptive volumes at the surface. Due
to the uncertainty about individual volcanic eruptions in the AHVP, we
have made two assumptions to estimate bulk volumes and thicknesses
ofmagma reservoirs that suppliedmagma to the eruptions of the AHVP.
First, that each individual lava shield represents a single eruption. Sec-
ond, that crater rows (volcanic ﬁssures) and overlapping small lava
shields represent single eruptions. Although the volume and thickness
of parts of the reservoirs that supply magma to eruptions are quite dif-
ferent depending on which assumption is used, general considerations
suggest that in nearly all the eruptions in the AHVP only the uppermost
part of each reservoir supplied magma to the eruption. This means that
the potential of the reservoirs – the maximum eruptive volumes that
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Abstract 
Numerous of lava rise plateaus and tumuli developed in the medial and distal 
portions of the Al-Halaq al Kabir lava flow field during the last eruption 
(sometime during the Holocene) in the central part of the Al Haruj Volcanic 
Province (AHVP). These inflation features can be used to understand better 
the lava emplacement mechanism in this part of the Al Haruj region where   
the widespread occurrence of tumuli and lava rises are good indicators of 
mode of emplacement. We report the results of detailed measurements of 
the maximum and minimum diameters in plan-view of 551 lava rises and 289 
tumuli from the distal part of the Al-Halaq al Kabir lava field using ArcGIS and 
field observations. Tumuli and lava rise plateaus may be divided into 
subpopulations according to the abrupt change in the scaling exponents on 
log-log plots of their frequency versus diameters. The stiffness (Young’s 
modulus) for the basaltic rocks in the study area is estimated in the range of 
10-34 GPa. Numerical and analytical results show that theoretical maximum 
tensile stress in the inflated upper crust reaches 44 to 570 MPa. This 
theoretical stress is orders of magnitude higher than typical in-situ tensile 
strengths of rocks (0.5-9 MPa), which means that the tensile stresses are 
high enough to rupture the crust. These high tensile stresses are generated 
through crustal doming driven by a very low excess pressure (1 MPa or 
less). Our findings partly explain the abundance of tension fractures at the 
surface of the Al-Halaq al Kabir lava flow field. Tumuli observed in the area 
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are remarkably similar in morphology and aspect (height/width) ratios to the 
flow-lobe tumuli which have been studied in the medial and distal parts of 
Holocene Icelandic lava flow fields. This geometric similarity suggests that 
they may have been emplaced through an analogous mechanism of 
emplacement. The preferred thermally efficient internal pathways seem to 
have played a significant role in the transport of lava from the vent system to 
the distal portions of the lava flow field.  These results of the mechanisms of 
formation of this lava flow field may also be of importance in connection with 
local biological extinction in the area. There appears to be a coincidence 
between the age of an initial volcanism in the AHVP ((≈7 Ma) and a fauna 
and flora local disappearance in the As-Sahabi area, NE the Sirt Basin, 
during Messinian-Zanclean time (≈7 to 5 Ma).  
 
7.1 Introduction 
 
Volcanic activity has commonly produced extensive basaltic lavas ranging 
from pahoehoe to aa types of lava flows (Walker 1991, Kilburn 2000; Nemeth 
et al., 2008). Lava flows are generally the most common volcanic features on 
the Earth and several of the solid planetary bodies and their satellites, 
particularly on Mars and Moon (Glaze et al., 2005; De Wet et al., 2014; 
Scheidt et al., 2014). The inflation structures, such as lava rise plateaus and 
tumuli, are the most abundant in pahoehoe lava flow field (Hon et al 1994; 
Self et al 1996; 1997, 1998; Walker, 1991; Keszthelyi&Pieri 1993; Chitwood, 
1994; Rossi and Gudmundsson, 1996; Thordarson and Self 1998; 
Duraiswami et al., 2001) and a subsidiary in aa lava flow field (Calvari and  
and  Pinkerton, 1998; Ducan et al., 2004). Pahoehoe lava flows are 
commonly associated with low effusion rate and relatively long-lived 
eruptions (Glaze et al., 2005).  Lava rise plateaus, tumuli, lava-rise pits and 
inflation clefts are common inflation structures on the lava flow surfaces of 
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the   Al Haruj Volcanic Province (AHVP), central Libya, and can be used in 
deciphering the emplacement mechanism of lava flow-field.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Landsat ETM+ image showing the extent of the Al Haruj Volcanic 
Province (AHVP), footprint-shaped, situated in the central part of Libya. The 
boundary of volcanic province is indicated by white line (adapted from 
Satellite Imaging Corporation).  Orange circles and red boxes are indicated to 
locations of oil fields and towns in the Al Haruj region, respectively.  
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The result of new age dating by Nixon et al., (2011) of the last eruption on 
the Al Haruj volcanic province is indicated much younger (≈3.200 yrs) than 
earlier studies (≈0.1 Ma) (e.g., Peregi et al., 2003), This evidence along with 
a series of high magnitude earthquakes along the margin of the NW-SE 
trending Hun Graben, western Sirt Basin (Fig. 7.1), suggest that the Al Haruj 
region might still be potentially volcanically and seismically active. It follows 
that it is of fundamental importance to understand better the lava 
emplacement processes that formed the Al-Halaq al Kabir lava flow field.  
 
 Inflation structure is generally defined as positive topographic feature having 
various shapes with wide ranges of slope angles and characterised by three-
part structural division of flow lobes; upper vesicular crust, crystalline core 
zone and lower vesicular crust (e.g., Hon et al., 1994; Thordarson and Self, 
1998; Thordarson, 2000). The three-fold structural division are considered as 
keys for estimating duration and understanding better the emplacement 
mechanism of pahoehe flow lobes (Hon et al. 1994, Thordarson and Self, 
1998).  The crustal lifting or doming is occurred due to sustained supply of 
lava under an insulating crust (Rowland and Walker, 1987; Thordarson, 
1995; Thordarson and Self, 1998, Duncan et al., 2004). The term inflation in 
pahoehoe flows was first introduced by Macdonald (1953) who gave a brief 
description of inflation feature but without mentioned the mechanism. 
Subsequently, Theilig (1986) and Walker (1991) described the formation of 
inflation structures. However, the first comprehensive and more reliable 
understanding of inflated pahoehe lava flows was done later by Hon et al. 
(1994) who have measured and observed low effusion an emplacement of 
active lava flows on Kilauea volcano, Hawaii. After that many studies have 
been used the results of Hon et al. (1994) and improved these crucial results 
in order to understand better the development, emplacement and duration of 
pahoehoe lava flow fields around the world (e.g., Thordarson 1995, Rossi 
and Gudmundsson, 1996; Self et al 1996, 1997, Keszthelyi et al 1997, 
Thordarson and Self, 1998; Thordarson, 2000; Thordarson et al., 2003; 
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Mattsson and Höskuldsson; 2005; Glaze et al., 2005; Thordarson, 
Sigmarsson, 2009). Walker (1991) has described various types of the tumuli 
and lava rise plateaus that are formed along the distance from the lava 
sources to the distal zone of pahoehoe lava flow-fields in Hawaii. He 
distinguished three types of tumuli in pahoehoe flow field in. Namely: (i) 
shallow slope tumuli, (ii) moderate slope tumuli and (iii) flow-lobe tumuli. 
Subsequently, Rossi and Gudmundsson (1996) focused on the morphology 
and formation of tumuli and lava rise plateaus on monogenetic shield 
volcanoes in Iceland. They mentioned that the flow lobe tumuli are mainly 
located at the medial and distal parts of the flow filed (≈9.5 km from vent) 
whilst the lava-coated and upper slope tumuli are essentially occurred at the 
proximal parts of flow fields.  Also they found that the internal structure within 
the flow-lobe tumuli is identical to that of P-type flow lobes.  
 
However, most tensional fractures are formed on surface of the pahoehoe 
flows during inflation processes rather than being cooling joint fractures 
(Anderson et al., 1999; Self et al., 2000). Inflation cracks represent brittle 
failure of the upper lava crust in response to expansion whereas columnar 
joints represent cooling when the flow of fresh lava terminated and the 
molten core became stagnant and less stress field. The highly irregular 
jointing of the lava crust is created due to instability of the lava crust during 
inflation processes (Thordarson and Self, 1998; Thordarson, 2000). The 
difference jointing styles indicates that jointing formed in several stages 
during emplacement pahoehoe lava flow fields and can be explained in the 
term of inflation rather than rapidly turbulent emplacement. Thordarson and 
Self  (1998) used jointing style in the Roza Memebr, Columbia River Basalt 
Group (CRBG), as one criterion along with vesicularity pattern and 
crystallinity in order to recognise threefold structural division of P-type flow 
lobes and subsequently they employed these data to estimate the whole lava 
flow field duration. The overall morphology and  general arrangement of 
internal structures of lava flow fields in the AHVP show characteristics 
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analogous to inflated pahoehoes flows have been observed by Rossi and 
Gudmundsson (1996) on monogenetic lava shields in Iceland and to that of 
which made up the distal sectors lava flows on Surtsey in Iceland  have been 
described by Thordarson (2000). 
 
7.2 Geological background of the Al Haruj Volcanic Province (AHVP) 
 
The AHVP is one of the largest volcanic provinces in the North Africa, 
covering an area around 42,000 km2 in the central part of Libya (Fig. 7.1) 
(Elshaafi and Gudmundsson, 2016). Vertical succession of basaltic flows 
with a thickness of few tens meter can be observed, and geophysical studies 
have indicated that the thickness attained by the lava pile is on average as 
much as 145 m in the central part (Peregi et al., 2003). While on the margins 
the lava pile decreases considerably in thickness to as less as few meters 
(Fig. 7.2). It has been postulated that the AHVP formed during the end of 
Miocene to Holocene time (Nixon et al., 2011). The AHVP is constituted 
dominantly of transitional to alkaline basaltic lava flows. The basaltic flows 
are intruded at a number of lava shields, scoria cones, spatter cones and 
numerous volcanic fissures that are speculated to represent feeder. The 
AHVP is widely believed to have erupted through numerous of fissures in the 
crust and spread laterally over considerable distances in addition to major 
eruptive centres which are located mainly in northern and southern parts of 
the volcanic province (Elshaafi and Gudmundsson, 2016; 2017).  
 
 Although inflation features are common in basaltic lava flows of the AHVP 
and extremely well-preserved, these features have not received any attention 
except the synoptic study of Nemeth et al. (2008) who describe the tumuli in 
the southernmost of the AHVP (Al Haruj al Abyad subprovince) and they 
have mentioned that there are similarity between type of tumuli in this part of 
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the AHVP and type of tumuli have been identified in Iceland by Rossi and 
Gudmundsson (1996). By contrast, significant works have been done on the 
AHVP in the past few decades concerning geochronology, petrology, and 
geochemistry. 
 
Lithostratigraphic classification of basaltic lava flows on the AHVP has been 
done by Busrewil and Suwessi (1993); Peregi et al. (2003); Less et al. 
(2006), respectively. Basaltic flows have been grouped into six major 
volcanic phases according to their field relations and tonal variation of  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2. Field photograph showing the general morphology of a hummocky 
pahoehoe flow overlay the Miocene calcareous sandstone of Maradah 
Formation. The thickness of lava flow does not exceed few meters. The inset 
photograph showing the upper vesicular flow-lobe zone and core dense zone 
which is substantial evidence of endogenous growth during emplacement. 
Note the person provides scale.   
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various lava flow fields on the aerial photographs as well as age dating along 
with paleomagnetic measurements. There are not significant petrochemical 
variations between these six volcanic phases (Peregi et al., 2003; Less et al., 
2006). It should be emphasised that each volcanic phase has been 
subdivided into the different mappable volcanic unit but with same age 
(Peregi et al., 2003, Less et al., 2006). Hummocky flows are quite common in 
the central part of the AHVP. They display a strong evidence of endogenous 
growth or inflation (Ninad et al., 2003) where flow-lobe consists mainly of a 
vesicular upper crust and a dense core zone but the lower vesicular zone is 
lacked observed (Fig. 7.2). 
 
 The Al-Halaq al Kabir lava field has been mapped by Busrewi and Suwesi 
(1993) as a mappable unit (6.1) follows the last volcanic phase (phase 6) and 
during this study, we treated this mappable unit as an individual flow field 
and remapped here as unit II (Fig. 7.3a, b). The terminology used in this 
paper to describe inflated pahoehoe lavas is revised from Walker (1991), 
Hon et al. (1994),  Self et al. (1998), Rossi and Gudmundsson (1996) and 
Thordarson and Self (1998). The lava flow field is defined as a complex body 
that contains several lava flows (episodes) produced by individual volcanic 
eruptions and identified in the field on the basis field relations (Thordarson 
and Self, 1998; Thordarson and Hoskuldsson, 2008; Fig. 7.4a). A single 
volcanic eruption may consist of several eruptive episodes, which might take 
several months to years (Fig. 7.4a) (Fisher and Schmincke, 1984; 
Thordarson and Self, 1998; Thordarson, 2000; Németh and Kereszturi, 
2015). The lava flow commonly consists of many flow lobes (Thordarson and 
Self, 1998). The flow lobe represents the smallest unit in pahoehoe flow field  
and has the characteristic three-part internal structural division as previously 
mentioned.  The Al-Halaq al Kabir lava field is restricted nearly to the central 
part of the AHVP (Fig. 7.3a, b). Surface morphology of the Al-Halaq al Kabir 
lava-field is complicated by the preservation of tremendous of inflations 
structures seem to be developed over long-duration. Busrewil (1996) 
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propose that the Al Haruj volcanic activity may be extended up through the 
pre-historic time, where more recent lava flows (volcanic phase 6) may have 
been post-Neolithic in its age where the field observations indicate that this 
more recent basaltic lava flows on the AHVP did not use of pre-historic sites 
compared with the older volcanic phases that were abundantly being used.    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3. a) Simplified map showing the location of the study area which is 
located almost in the central part of the AHVP. b) Schematic map showing the 
extent of the Al-Halaq al Kabir flow-field (dark colour) covering partly the older 
volcanic unit I (grey colour). This lava flow field originated from a vent system 
and generally flowed NE  over 20 km. Both volcanic units have been identified 
and mapped by Busrewil and Suwessi (1993). c) Profile illustrating the extent 
of the Al-Halaq al Kabir flow field in cross section. The slope angles along 
profile are indicated, the location of the cross-profile is shown in Figure 1c. 
Sites of figures (7.8a, b, 7.9) are shown.   
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Busrewil and Suwesi (1993) describe this lava flow field as pahoehoe lava 
flow having delicate ropy structures and festoon which is identical features in 
very young volcanoes field. In contrast, the equivalent flow unit in the south 
part of the AHVP described by Peregi et al. (2003) as fresh coal black aa 
lavas have a rough, clinkery or spiny surface that covered by sharp edges, 
lava blocks, large tension-fractures with small scattered pahoehoe lavas. 
However, the texture and mineral composition of this lava flow field are quite 
similar to basaltic rocks from the earlier volcanic phases. It is important to 
note that the petrographic differences between the basaltic rocks at the 
AHVP are significant in samples taken from the upper vesicular and deeper 
part of the single lava flow lobe than between the different flow fields. The 
relative abundance vesiculation structures and crystallinity along with jointing 
styles are the good indicators of three-part division of pahoehoe flow lobe 
(Thordarson and Self, 1998). The basaltic lavas at the AHVP  generally 
consist of porphyritic intersertal texture with dominate of olivine as 
phenocrysts associated with clinopyroxene and laths of plagioclases and 
scattered of glass and  minor calcite formed later which occupied some 
vesicles to form amygdaloidal.  
 
 The Al-Halaq al Kabir lava field (unit II) almost covered substratum and 
although it is thought to have been erupted from fissures, some basaltic 
flows seem to have come from the summit area of the Al-Halaq al Kabir 
volcano, where lava was erupted at around 933 m.a.s.l. (meters above sea 
level) on the north-eastern flank of the volcano and the flow-field extended 
down-slope to an altitude of around 800 m.a.s.l. (Fig. 7.3c). As the lava 
obviously encountered gentle slope, the flow spread out and began in 
endogenous as a result of inflation at few hundred meters from the volcano. 
The inflation occurred gradually due to sustained supply of fresh lava 
beneath the thickening upper thin solid crust. Continued inflation leads to the 
development of axial and circumferential clefts in response to the uplift and 
rupture of the brittle uppermost crust (Duraiswami et al., 2001).  
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Figure 7.4. a) Cartoon of the development lava flow field. The lava flow field 
consists of two lava flows where each lava flow may be formed during 
effusive episode and composed of many flow lobes. Lava is transported from 
vent system to active flow front via thermally efficient lava tubes (modified 
from Thordarson and Hoskuldsson, 2008). b) Graph showing the relationship 
between volume and length of the Al-Halaq al Kabir lava flow field is indicated 
by red arrow, and, for comparison, 33 lava flow fields from various 
monogenetic and polygenetic volcanic provinces around the world (data from 
lava shields and pahoehoe fissures in Iceland are taken from Thordarson and 
Hoskuldsson, 2008, and 2014-2015 basaltic fissure in Iceland from Pedersen 
et al., 2017, whereas the rest of data are taken from Self and Thordarson, 
1998).  
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This study explores the plan aspect (length/width) ratios of lava rise plateaus 
and tumuli within the Al-Halaq al Kabir flow field, where length is the 
maximum diameter, and width is the minimum diameter in plan-view in order 
to distinguish between various types of tumuli and lava rise plateaus and the 
mode of emplacement. These parameters are a crucial because of they 
could be applied to understanding remotely sensed observation of lava flows 
on other planetary surfaces (e.g., Moon and Mars) (cf. Self et al., 1998; 
Glaze et al., 2005; De Wet et al., 2014; Scheidt et al., 2014). Mapping of the 
lava flow field was executed by importing geological map and georeferenced 
images of the Al-Halaq al Kabir into ArcMap GIS software package. 
Shapefiles were used to trace margins. The Al-Halaq al Kabir flow field is 
representative the last volcanic eruption in this part of the Al Haruj region, 
without subsequent flows overlying the portion investigated. Therefore, it can 
precisely be tracing and mapping lava rise plateaus and tumuli on satellite 
imagery through ArcGIS 10.1. The surface morphology of this lava flow field 
is complex by the perseveration gigantic of inflation structures.  Length (long 
axis) and width axes (short axis) on plan-view have been measured for these 
inflation structures at the distal portion of the flow field.  
 
This lava flow field has systematic growth patterns suggesting they represent 
an individual volcanic eruption (cf. Mattsson and Hoskuldsson, 2005). 
Notwithstanding the thicknesses of these inflation features are difficult to 
measure precisely because there are a lack cross-sectional exposures, the 
thicknesses of lava rise plateaus were roughly estimated based on the 
difference of the altitude between inflation features and surrounding area 
(e.g., Fig. 7.5). This method is likely to give rise underestimation of the 
thickness due to do not take into account the older flow-lobes that are buried 
inside the lava field. Alternatively, thicknesses of some tumuli and lava rise 
pleatus have been measured precisely in the field (Fig. 7.6a, b). This flow 
field covered an area of around 220 km2 and its thickness roughly estimate 
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around 10-15 m (Busrewil and Suwesi, 1993); accordingly its volume is 
about 2.2-3.3 km3.  These lavas reach lengths up to 20 km (Fig. 7.3c).  
 
Figure (7.4b) is provided data on the volumes and lengths of many lava flow 
fields from difference volcanic provinces around the wold for comparison with 
the Al-Halaq al Kabir flow field. The volume and length of the Al-Halaq al 
Kabir are clearly much closer to monogenetic pahoehoe lava shield and 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5. Large lava rise plateau with its surveyed cross-profile that is 
marked by a number of lava-rise pits. It is defined as plateau-shaped with 
marginal inflation clefts.  The thickness or height is estimated around 15 m 
above the surrounding relief (adapted from Google Earth). The inset field 
photograph shows lava inflation cleft.  
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pahoehoe lava fissures in Iceland than polygenetic Large Igneous Province 
(LIP), created through flood basalt, such as Columbia River Basalt Group 
(CRBG).  
 
The Al-Halaq al Kabir lava flow field most likely formed through subsurface 
inflation processes. Of particular interest is whether the Al-Halaq al Kabir 
was primarily one event occurring over several months or numerous events 
(several episodes) spread over several years or even decades. Geochemical 
variation and field observations cannot provide us to answer this question 
(e.g., Busrewil and Suwesi 1993; Peregi et al., 2003). Therefore, although 
the Halaq al Kabier lava field may be composed of several overlapping flows 
from different vents, vent system, which travelled tens of kilometres, the 
upper surface of most this flow-field preserves distinctive inflation features 
such as tumuli, lava rise pleatus, lava inflation clefts and lava rise pits that 
certainly formed over long period of time by endogenous processes beneath 
insulating crust during emplacement. The main aim of this paper is to present 
data on morphological, structural characteristic and quantitative analysis of 
lava rise plateaus and tumuli located within distal portion of this flow-field 
using a combination of Landsat imagery and field observations. Analytical 
and numerical modelling of inflation mechanism is used for improving our 
ability to interpret inflation features which led us to obtain definitive 
information on the evolution of volcanism in the central part of the AHVP. 
The implication of these observations for the characteristic lava 
emplacement mechanism will be discussed in more detailed in  the future 
work for the other volcanic fields at the Libya’s volcanism in general and 
AHVP in particular.  
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7.3 Inflation process and associated features 
 
This flow field contains large number of inflation features, thus during this 
study, we have measured dimensions (maximum and minimum diameters) in 
plan-view (plan aspect ratio) of 551 lava rises and 289 tumuli on the north-
eastern flank of the volcano at 100 m below the crater elevation and at 
around 20 km from the vent system that formed in the many pahoehoe flows 
emplaced in this eruption (Fig. 7.7). In analysing the surface morphology of 
the lava flow field,  
 
 
 
 
 
 
 
 
 
Figure 7.6. a) Photographic and schematic illustrations of tumulus and 
tumulus ridge. Note the axial and lesser fractures that are formed during the 
inflation process. b) Photographic and schematic of elongated tumulus which 
is characterized by large long and deep axial fracture. It is provided the 
direction of flow. The duration of this flow lobe is around 27 days based on 
cooling model equation (𝒕 = 𝟏𝟔𝟒. 𝟖𝑯𝟐) of Hon et al. (1994) where  𝒕 is the time 
in hours and 𝑯 is the thickness of the upper vesicular in meters. The duration 
is probably underestimation due to the upper vesical crust is partly covered 
by sand dunes.  
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we determine;  i) flow coated tumuli, ii) flow-lobe tumuli, iii) tumulus ridges,  
iv) lava rise plateaus, v) lava-rise pits and vi) lava inflation clefts. The flow 
coated tumuli observed within a few hundred meters from vent system that 
are marked by a typical around 4 meters high with plan aspect ratio 1.5 
without distinguished lava inflation clefts (Fig. 7.8a). The flow coated tumuli 
in the AHVP are quite similar to flow coated tumuli that have been observed 
in Iceland by Rossi and Gudmundsson (1996). In contrary, other types occur 
abundantly in the medial and distal portions of the Al-Halaq al Kabir flow-
field, and formed the majority of surface flow field (Figs. 7.8b, 7.9).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7. The lower map showing the areal distribution of 289 tumuli and 551 
lava rise plateaus in the distal part of the Al-Halaq al Kabir lava flow field 
(volcanic unit II). The geometry and area of these inflation features have been 
measured precisely by ArcGIS. Dashed red square in the upper map is 
indicated the location. The flow direction is broad to the north-east. 
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Figure 7.8.  a) Satellite imagery (adapted from Google Earth) showing flow-
coated tumuli that are located at a proximal part of the source. Note the 
absence of axial and circumferential cracks. b) Satellite imageries (adapted 
from Google Earth) showing various forms of flow- lobe tumuli at the distal 
part of the Al-Halaq al Kabir flow field. Note the abundance of axial and 
circumferential cracks (lava inflation clefts) and the gradual transition the 
morphology of tumuli from near source to the distal portion of the lava field. 
The locations of both images (a, b) are indicated by the yellow box on cross-
profile. c) Preferred pathway might be used pre-existing drainage pattern to 
drain out lava lakes and this feature is predominately in the Al Haruj region.   
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Flow-lobe tumuli have generally cupola-shaped and marked by development 
axial cracks at the central part and circumferential cracks around margins 
that reveal the state of stress development during inflation processes 
(Walker, 1991; Rossi and Gudmundsson, 1996, Thordarson, 2000; De Wet 
et al., 2014; Scheidt et al., 2014). The tumulus ridges are created by inflation 
above relatively straight sections of preferred internal lava pathways 
(Thordarson and Hoskuldsson, 2008). Tumulus ridges (elongated tumuli) are 
marked by the presence of a prominent axial cleft and lesser clefts that are 
developed sub-parallel to the length or long axes. Therefore, they acted as 
tube-fed for the distribution of lava with thermally efficient to reach the middle 
and distal parts of flow field both as surface flows and within distributary tube 
system. There are numbers of tumulus ridges recognised on the satellite 
imagery and in the field (e.g., Figs. 7.6b, 7.8c). The morphological study of 
flow-lobe tumuli and tumulus ridges in the area of investigation shows that 
their major axes (length) range from 16 to 324 m and their minor axes (width) 
range between 11 to 141 m. The flow-lobe tumuli and tumulus ridges are 
semi-equant and elongated, respectively, on the basis of an aspect ratio of 
the major and minor axes in plan-view (Fig. 7.8b). 
 
The tumulus ridges are genetically similar to flow-lobe tumuli, but more 
elongated in the direction of flow (Mattsson and Vuorinen, 2008; Nemeth et 
al., 2008). Flow-lobe tumuli are polygonal dome-shaped with various shapes 
(e.g., rectangles, triangles, hexagons, and octagons) are characterised by a 
system of inflation clefts arranged in a radial pattern and aspect ratio of 
major and minor axes is  less than 1.5 (Fig. 7.8b). The vary aspect ratio of 
the elongated tumuli with respect to the flow-lobe tumuli may be attributed to 
the in situ inflation mechanism where the flow-lobe tumuli are formed by 
localised inflation of the upper lava crust overhead small pools in subsurface 
lava pathways in response to irregular underlying topography, while the 
tumulus ridges are formed by above relatively linear of the preferred 
pathways as mentioned earlier (Thordarson, 2000; Thordarson and 
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Hoskuldsson, 2008). By contrast, the geometry area of lava rise plateaus is 
commonly an order of magnitude larger than both types of tumuli. The lava 
rise plateau is defined as flat-topped and formed by uniform broad pahoehoe 
flow lobes (Walker, 1991; Thordarson, 2003). Lava inflation cleft in lava rise 
plateau are developed along the outer margins rather than the central part 
which can enable their interior surface to be uplifted with little or no disruption 
(De Wet et al., 2014; Scheidt et al., 2014) (Fig. 7.9).  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.9. Satellite imageries (adapted from Google Earth) showing various 
forms of lava rise plateaus in plan-view. They are marked by flat-topped 
surface and circumferential cracks around margin that are indicated on 
bending during the inflation process. Circular and semi-circular lava-rise pits 
that are likely formed during inflation processes but the rate of inflation was 
under than surrounding parts of the flow; see text for more explanation.  
 
The spatial distributions of tumuli and lava rise plateaus can be used to 
obtain information on the subsurface endogenous processes (Glaze et al., 
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2005). Hence, micro-topography combined with effusion rate can have a 
significant influence on lava flow dynamics and the ultimate emplacement 
and morphology of inflation produced (Mattsson and Vuorinen, 2008). The 
morphometric of lava rise plateaus has long axes in the range from 88 to 717 
m and short axes in the range between 23 to 495 m. Most of lava rise 
plateaus are roughly oval-shaped in plan-view based on an aspect ratio of 
the maximum and minimum axes or diameters. 
 
 Furthermore, throughout the Halaq al kabier flow field are numerous of 
depressions noticed among and within lava rises that seem to be as lava rise 
pits (Figs. 7.4, 7.9). Lava rise pits are localised areas, previously assigned to 
collapse or subsidence of lava tube system that commonly formed around 
lava rise plateaus due to the rate of inflation was lower than surrounding 
parts of the lava flow (Walker 1991; Self et al., 1998; Whitehead and 
Stephenson 1998; Thordarson and Hoskuldsson, 2008). Characteristics 
walls of lava rise pit are similar to the margins of lava rise plateaus (Walker 
1991). Lava rise pits in the AHVP are similar to lava rise pits described within 
McCartys flow in New Mexico (De Wet et al., 2014; Scheidt et al., 2014). The 
difference in the dimensions of lava rises may be due to the original flow 
filling in the region of low relief. The Al Haruj region is characterised by wide-
flat area with numerous isolated hills so that the flat low relief areas appear 
to be inverted during inflation and become lava rises and high topography 
areas have become as lava rise pits. Furthermore, the alignment of tumuli 
and lava rise plateaus in the field and from satellite imagery indicates the 
presence thermally  efficient lava delivery beneath the Al-Halaq al Kab lava 
flow field during emplacement  (cf. Duraiswami et al., 2001; Bernardi et al., 
2015 ) (Fig. 7.10). 
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Figure 7.10. Panorama view showing lava rise plateaus and several tumuli. 
They are arranged in alignment that may be suggested the presence 
distributary lava tube system. 
The length and width axes for both tumuli and lava rise plateaus show a 
linear correlation with coefficient determination (R2) = 0.45 for tumuli and 
0.60 for lava rises (Fig. 7.11a, b), whereas the correlation coefficient (R2) 
was increased to 0.70 when plotted all (tumuli and lava rise plateaus) 
together (not shown here). Frequency distributions of their lengths (maximum 
diameters) are approximately followed normal distributions and directions of 
various lengths for both tumuli and lava rise plateaus have not preferentially 
orientated that are clearly consistent with the dendritic drainage pattern of 
the central part of the AHVP (Fig. 7.11c, d). The drainage pattern is a well-
integrated pattern in the central part of the Al Haruj region formed by the 
main valleys with their tributaries branching and re-branching in many 
directions without systematic arrangement (Busrewil and Suwessi, 1993). It 
most likely reflects the orientation of the main feeder tubes in the lava field in 
various directions.  
 
Tumuli display a characteristic of P-type flow-lobe where the upper vesicular 
crust and dense core zone as well as well-developed jointing are distinct 
whereas thin lower vesicular crust was lack observed (e.g., Fig. 7.12a, b). 
Tumuli observed in the study area, in the field, are remarkably similar in 
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morphology and aspect (height/width) ratios to the flow-lobe tumuli which 
have been studied in Holocene lava shields (monogenetic shield volcanoes) 
in Iceland by Rossi and Gudmundsson (1996) with coefficient of 
determination (R2) = 0.834 (Fig. 7.13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.11. Graphs showing the correlation between the length and width in 
plan-view of lava rise plateaus (a) and tumuli (b). Both graphs show a positive 
correlation between two parameters. The N is the number of inflation feature, 
and R2 is the coefficient of determination. Frequency distribution of lengths of 
lava rise plateaus (c) and tumuli (d) which are approximately followed normal 
distributions. The rose diagrams for lava rise plateaus (red colour) and tumuli 
(green colour) have not been clear preferential directions that are consistent 
with dendritic drainage pattern of the central part of the Al Haruj region. Note 
although the various dimensions between tumuli and lava rise plateaus, they 
have generally similar statistical trend relation.     
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Figure 7.12. a) Field Photograph and graphic log display the upper vesicular 
crust of internal structure of tumulus. The tilting is around 14o in WNW 
direction. A number of vesicles is a decrease with depth and characterised by 
prismatic and irregular jointing. The thin lower vesicular crust and core zone 
is not exposed. The uppermost of lava crust is characterised by horizontal 
cracks that may be followed vesicle alignments. The duration of this flow lobe 
is approximately two months based on cooling model equation of Hon et al. 
(1994). b) Field photograph showing lava flow which consist of pahoehoe flow 
lobes. VZ is vesicular zones within the upper vesicular crust that formed 
during inflation processes. The flow lobe sheet seems to be overlapped the 
flow-lobe tumulus with flank tilting around 22̊. The duration of this lava flow is 
roughly ten months.   
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Rossi and Gudmundsson (1996) recognised the flow-lobe tumuli in the distal 
part of the flow field (9.5 km from source) where slopes are very low, similar 
to present study site (at the distal portion of lava flow field with very low 
slope; Fig. 7.3c). This suggests that they were emplaced by an analogous 
mechanism. 
 
7.4 Scaling exponents  
 
There are very few previous studies (e.g., Rossi, 1999; Glaze et al., 2005) 
that have been used the quantitative statistical techniques to understand 
emplacement and inflation of lava flow fields. Therefore, we present new 
data on the trend and length measurements (maximum diameters) of tumuli 
and lava rises in the central part of the AHVP. The results of the 
measurements of a total of 289 tumuli and 551 lava rise plateaus are given in 
Figures (7.14; 7.11c, d), all of which belong to the Al-Halaq al Kabir lava flow 
field. The lengths of lava rise plateaus and tumuli on the Al Haruj region are 
statistical analysed through scaling exponent in order to obtain certain 
relations between the developments of inflation structures.  
 
7.4.1 Power-law length distributions  
 
Power laws are part of heavy-tailed distributions and marked by their yielding 
straight-line plots when data are plotted as bi-logarithmic plot 
(Gudmundsson, 2014). These tests have been applied to geological 
populations by Mohajeri and Gudmundsson (2012) and Gudmundsson and 
Mohajeri (2013). We, however, can find a frequency length distribution for 
inflation features from the power-law distribution equation (Williams, 1997; 
Mohajeri and Gudmundsson, 2012); 
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  DCxxp                                                                                                  (7.1)      
where )(xp  is the number of inflation features (tumuli or lava rises) in a 
binned or class histogram, C  is a constant proportionality, and D  is the 
scaling exponents. To take the logarithms for both sides of the values  x  and 
their probability )(xp  in order to know if they follow a power law; 
      xDCxp logloglog                                                                           (7.2)                                
 
 
 
 
 
 
 
 
 
Figure 7.13.  Graph showing the correlation between height (thickness) and 
width in cross-section of flow lobe tumuli in the AHVP measured in the field 
and Iceland for comparison. The graph shows a near-linear correlation 
between height and width in both volcanic provinces with the coefficient of 
determination (R) 0.834. Note the dimensions of flow tumuli in the Al Haruj 
region are located within the same field of the dimensions of flow-lobe tumuli 
in Iceland. The data for Iceland are taken from Rossi and Gududmunsson 
(1996).   
 
The straight lines for tumuli and lava rises are indicated that they are 
followed a power-law (cf. Mohajeri and Gudmundsson, 2012) (Fig. 7.14b, e). 
The slope of the straight line that is scaling exponent depends mainly on the 
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size or width of class or bin. The cumulative frequency distributions of the 
lengths of tumuli and lava rises display power-law distribution (Mohajeri and 
Gudmundsson, 2012) (Fig. 7.14a, d). On logarithm plots, the deviation from a 
straight line are large that led to divide it into two straight lines (Fig. 7.14c, f). 
Therefore each line has a slope or scaling exponent. Various scaling 
exponents due to more than one slope are documented in many power-laws 
(Gudmundsson and Mohajeri, 2013). Each inflation feature may be analysed 
as a single population, and their trends follow approximately a normal 
distributions (Fig. 7.11c, d). Clearly, in the log-log plots for both tumuli and 
lava rise plateaus in Figure (7.14c, f) there is an abrupt change in slope and 
two straight lines forming like dogleg-shaped. The break in slopes of the 
lengths may be partly related to pre-existing topography combined with 
effusion rate (cf. Glaze, et al., 2005). It means that the different slopes or 
scaling exponents on the logarithm plots could refer to different inflation 
populations, based on Mohajeri and Gudmundsson (2012) who have 
mentioned that the breaks in the scaling exponents of the straight plots refer 
to different populations. Segments of tumuli that are shorter than 60 m in 
length have a much shallower straight line slope than that have longer 
lengths. Similarity, the lava rise plateaus also show an apparent abrupt 
change in the slope and two straight lines on the log-log plots (Fig 7.14f). 
The break occurs at around 200 m. It is evident that there is a break and 
slopes of the straight lines for both tumuli and lava rises and their scaling 
exponents change from 0.37 to 3.07 for tumuli and from 0.36 to 3.56 for lava 
rises, respectively.  
 
The first population for tumuli is composed of lengths from 16 to 60 that are 
mostly flow-lobe tumuli and represent around 72% of the total exhibits a 
large number over broad areas and may be formed due to irregular 
underlying topography, while the second population primarily consists of 
tumulus ridges that appear to be elongated tumuli where pre-existing valleys  
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Figure 7.14. Scaling exponents for tumuli upper diagrams and lava rise 
plateaus lower diagrams. a) The cumulative frequency distribution of 289 
lengths measured of tumuli using the class width of 10 m. b) A bi-logarithmic 
(log-log) plot of 289 lengths measured of tumuli. The straight line is 
suggested that it is followed a power law distribution. N is the number of 
inflation features, Std. dev is standard deviation, R2 is the coefficient of 
determination, and  D is the scaling exponents. c) The whole population of 
tumuli is divided into two populations based on an abrupt change in the 
scaling exponent or slope. d) The cumulative frequency distribution of 551 
lengths measured of lava rise plateaus using bin width 50 m. e) A single line 
on a bi-logarithmic plot of the whole lava rise plateaus population. f) The 
whole lava rise plateaus population divided into two pupations based on 
abrupt change in slope. 
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played an important role to form this type of tumuli on the Al Haruj region. 
This result is in agreement with field observations of Németh et al. (2008) 
who have mentioned the large flow-lobe tumuli in the Al Haruj Abyad (the 
southern part the AHVP) are commonly elongated. Also, lava rise plateaus 
also divided into two populations based on the abrupt change in their scaling 
exponents. The paleo-topography seems to be partly controlled in 
determination their sizes. The first population seems to be the initial lava flow 
surface confined in smaller areas compared to the second population. It is 
possible the flow started narrow branches through pre-existing valleys that 
might have tended to pond in the vicinity of low topographic and slope and 
due to continued inflation via thermally efficient internal pathways result in 
the development of a vary  inflation structures  that can grow to considerable 
sizes as observed. The lengths of tumuli and lava rise plateaus on the lava 
flow surface are obviously systematically distributed and have identical 
statistical behaviour. Alternatively, the trends of lengths for these inflation 
features have not been clear preferential directions that are consistent with 
dendritic drainage pattern of the central part of the Al Haruj region (Fig. 
7.11c, d).   
 
Glaze et al. (2005) have used quantitative statistical analysis technique 
(Poisson distribution) to examine the spatial distribution of tumuli and lava 
rise plateaus on lava flow fields in Mauna Ulu, Hawaii, Thrainsskjoldur in 
Iceland and a lava flow Elysium Planitia on Mars in order to find relationship 
between these inflation structures and subsurface endogenous growth 
processes. They found that the spatial distributions of inflation features are 
systematically distributed in Iceland whereas randomly distributed in Hawaii 
and Mars. The random distribution in the space, consistent with Poisson 
distribution, may be generated due to random variations in paleo-topography 
or small-scale temporary preferred pathways, combined with very low slope. 
By contrast, the systematic distribution on the surface of lava flow field 
simply reflect permanent large-scale preferred pathways  that led to establish 
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distributary tube systems directly beneath broad lava flow for long period of 
time (Glaze, et al., 2005). Also the spatial distribution of tumuli and lava rise 
plateaus on the surface the Al-Halaq al Kabir flow filed is remarkably different 
from the Poisson distribution on the basis of Glaze, et al. (2005) procedure.  
There thus may be some systematic manner controlling their mode of 
occurrence.  
 
7.5 Modelling  
 
7.5.1  Analytical model  
 
The thicknesses of inflation features on the AHVP are quite small compared 
with their lengths and widths thus the basic assumptions in the general 
theory of plates are mostly valid for tumuli and lava rises (Szilard, 1974; 
Gudmundsson, 1986). The main purpose from modelling is to calculate the 
over-magmatic pressure and tensile stresses that caused inflation and 
tension fractures, respectively. The presence inflation clefts on the surface of 
lava rises and tumuli which indicate that vertical crustal displacement played 
an important role in the formation of inflation features (Rossi and 
Gudmundsson, 1996). Hence the elastic thin plate theory is suitable for the 
present problem. Considering an elliptical crustal plate theory for tumuli and 
lava rise plateaus on the AHVP is more fit than circular crustal plate theory 
as have been suggested by Rossi and Gudmundsson (1996) in Iceland 
where the average plan aspect (length/width) ratio for tumuli and lava rises in 
the Al Haruj region in range 1.81 and 2.01 respectively, as they are 
considerably more elongated in the direction of flow.  So that during this 
study we propose the inflation feature as elliptical an elastic plate that is 
subjected to steady magmatic pressure at its lower boundary. The elliptical 
an elastic plate with a simply supported movable edge is subjected to 
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bending due to an effect of magmatic overpressure. The uppermost lava 
crust becomes fractured during the early stages of inflation process due to 
subject to maximum tensile stresses (expansion) so that it cannot prevent 
magma from squeeze out through it. In contrary, the viscoelastic crust is 
formed between upper crust and core molten zone and behaves as brittle  at 
800 - 1070oC (Hon et al., 1994) (Fig. 7.15b). The viscoelastic crust is un-
fractured and subject partly to compressive stresses during bending of the 
tumulus. Therefore, the viscoelastic crust acts to keep the magma interior the 
tumulus or lava rise during the inflation process (Hon et al., 1994; Rossi and 
Gudmundsson, 1996). The thickness of viscoelastic has been measured 
(0.2-0.4 m) in Hawaii (Hon et al., 1994). Nevertheless, during this study, four 
samples were collected from the Al-Halaq al Kabir flow filed in order to 
measure their Young’s moduli as discussed in the next section.  The Young 
moduli, then, have been used to calculate flexural rigidly for those rocks in 
order to estimate magmatic over-pressure caused inflation features. 
 
7.5.1.1  Dynamic Young’s modulus using ultrasonic wave velocities 
 
Four cylindrical basaltic samples 25 mm in diameter and 38.7-26.6 mm long 
were obtained to calculate the dynamic elastic modulus through using 
ultrasonic wave velocities for the measure travel time for P and S-waves to 
cross sample at the Rock and Ice Physics Laboratory at University College of 
London (UCL). Four measurements (axial and radial) per individual core 
sample were prepared for these experiments for calculating the sample 
anisotropy by plotting the velocity as a function of azimuth. The anisotropy 
throughout the samples in different orientations is less than10% which 
indicates that the basaltic rocks at the AHVP can be considered as isotropic 
or weakly anisotropic. The time difference between the initial pulse and the 
first arrival was measured as the P-wave travelled through the sample. This 
procedure was repeated with polarized S-wave transducers, in order to 
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measure the travel time of an S-wave to cross the sample. The physical 
characteristics of the four core samples included in this study are shown in 
Figure (7.15). 
 
The P and S-wave velocities and bulk density are utilised to calculate the 
dynamic Young’s modulus based on this equation (Jaeger and Cook, 1969; 
Gudmundsson, 1990); 
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where  Edyn  is dynamic Young’s modulus,  V p  is compression seismic 
velocity, V s  is shear seismic velocity,   represents  the bulk density of the 
core sample where it is found from the average of mass and volume (kg/m3)  
of four core samples.  
 
Nevertheless, the relationships between the static and dynamic moduli for 
different types of rocks are somewhat complicated (Eissa and Kazi, 1988, 
Brotons et al., 2015). There are many studies have been done to estimate 
the relationship or correlation between the static and dynamic moduli for 
different types of rocks (e.g., Christaras et al., 1994; Brotons et al., 2015). In 
the laboratory measurements the dynamic modulus is around twice of the 
static modulus, but in the field, this ratio varies from 1.5 to 9.1 for volcanic 
rocks (Gudmundsson, 1990). However, Eissa and Kazi (1988) performed 
statistical relation to estimate the static from dynamic Young’s modulus that 
may be crudely valid for all rock types as follows;  
 82.074.0  EE dynst                                                                                     (7.6)                                                                                     
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Therefore, the static Young’s modulus  for the basaltic samples in the range 
40-59 GPa with average 50GPa (Fig. 7.15), but the in-situ Young’s modulus 
is likely to be lower (1.5 to 5 times) than the core-sample owing to the 
presence of fractures, cavities and planes of weakness (Gudmundsson, 
2011). We thus assumed the in-situ static Young’s modulus during this study 
in the range of 10-34 GPa.  
 
The common differential equation of the vertical uplift of a plate subject to 
uniform over-magmatic pressure at lower boundary is given by the following 
equation (Gudmundsson, 1999); 
pwD
o

22                                                                                             (7.7)                                                                                                        
 
 
 
 
 
 
 
 
 
 
Figure 7.15. Showing P and S-wave velocities, densities, dynamic and static 
moduli for four basaltic rocks from the study area. The values of static 
Young’s modulus inferred from dynamic Young’s modulus based on the 
equation of Eissa and Kazi (1988); see text for more explanation.   
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Where ∇2 is the two-dimensional Laplace operator,w  is a thickness of uplift 
or inflation and Po is over magmatic-pressure. D  is defined as is the 
resistance to bending of the plate and known as the flexural rigidity  and can 
be found  by this equation (Marti and Gudmundsson, 2000); 
)1(12 2
3


dE
D st                                                                                              (7.8)                                                                                                                      
where Est  is the static Young’s modulus, d is the effective thickness of the 
plate, and   is the Poisson’s ratio. The static young’s modulus for basaltic 
rocks is in the range of 10-34 GPa as previously discussed, and the 
Poisson’s ratio for most rocks is around 0.25 (Gudmundsson, 2011). The 
initial thickness of inflation features is a small fraction of its total thickness 
flow where the minimum thickness of lava emplacement is 0.2 to 0.5 m (Self 
et al., 1998). The effective thickness for inflation features is the thickness of 
viscoelastic (unfractured) rather than fractured upper crust (Rossi and 
Gudmundsson, 1996) as previously mentioned. Thus we assumed the 
average thickness of viscoelastic crust (0.30 m) as effective thickness to 
calculate flexural rigidity from Eq. (7.8) as D =  24 MNm when Est = 10 GPa, 
and D = 82 MNm  when Est = 34 GPa.  
 
The equation of the elliptical boundary is: 
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                                                                                                 (7.9)                                                                                                        
where xand y  is cartesian coordinates and a  is the half length of the plate 
and b  is the half width of the plate (Fig. 7.16a).  
The elliptical differential equation of the vertical uplift or deflection is given by 
(Gudmundsson, 1986);  
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where p
o
 is the over-magmatic pressure. The maximum uplift or 
displacement )(
max
w  occurs at the centre, that is, where 0x  and 0y  then 
the Eq. 10 becomes; 
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Therefore, the over-magmatic pressure can be found by this relation; 
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Using the mean values for  lengths and widths in plan-view  for 289 tumuli 
and 551 lava rises have been measured during this study to estimate over-
magmatic pressure that was needed for uplift or deflection of tumuli and lava 
rises on the Al Haruj region as follows; ma 33   and mb 17  and mw 5max   
for tumuli, whereas  ma 104  and mb 60  and mw 15max   for lava rise 
plateause. It follows from Eq. (12) the over-magmatic pressure p
o
is 0.05 
MPa when flexural rigidity D= 24MNm and  p
o
 = 0.15 MPa when D = 82 
MNm that needed for deflection tumulus. Our finding is generally agreement 
with the result of Rossi and Gudmundsson (1996) who have found the 
magmatic overpressure needed to form a typical flow-lobe tumulus in Iceland 
is in the range of 0.2 to 1 MPa. While the over-magmatic pressure is 0.002 
MPa when D = 24MNm and p
o
 = 0.0.004 MPa when D= 82 MNm that were 
needed to form lava rise plateau.    
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The maximum tensile stress  max at surface of the crustal plate can be 
crudely estimated by the following relation (Gudmundsson, 1999);  
2
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
                                                                                    (7.13)                                                                                               
All symbols are defined above; the maximum tensile stress at the surface of 
tumulus is 70-570 MPa while at the surface of lava rise is 44-150 MPa. The 
in-situ tensile strength of all rocks is commonly in the range of 0.5-9 MPa 
with most values between 2 and 5 MPa (Haimson, and Rummel, 1982; 
Gudmundsson, 2014). Therefore, the maximum tensile stress for both tumuli 
and lava rises is many orders of magnitude larger than the tensile strength of 
the basaltic upper crust (0.5-9 MPa) even though the over-magmatic 
pressure was very much small as we inferred in this study. Thus the 
viscoelastic crust played an important role to maintain the lava interior of the 
tumulus or lava rise during the inflation processes. 
 
7.5.2  Numerical model 
 
In the recent years, the increasing application of finite element methods in 
analysing structures and fluid flow that is an alternative procedure to 
analytical solutions. FEM models give more realistic results than other 
models where they can allow the implementation of mechanical 
heterogeneities within the Earth’s crust (Bagnardi, 2014). Numerical models 
based on the finite element methods can provide quantitative information on 
the local stresses field distribution around inflation feature. Comsol 
Multiphysics (5.1) (www.comsol.com) is the finite element program used for 
the work described in this study. We have modelled the inflation feature as a 
homogenous layer with Young’s modulus 25GPa , density 2650 mkg
3 and 
typical Poisson’s ratio of 0.25. The over-magmatic pressure was modelled as 
loading 1MPa (Fig. 7.16b). We made a numerical model in order to explore 
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the potential effects of uplift or deflection due to the influence of magmatic 
overpressure beneath the rigid upper crust. We inferred that the tensile 
stresses around the upper crust are favourable to rupture and form axial and 
circumferential fractures. The result of numerical model displays the 
maximum tensile stress take places at the surface (Fig. 7.16b), then decline 
downward gradual to reach at the neutral surface (cf. Ugural, 1981; Rossi; 
Gudmundsson, 1996).  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.16 a) Elliptical plate with freely movable edge subject to bending due 
to over-magmatic pressure p
o
. The length of the major axis (length) is 2a and 
length of minor axis (width) 2b. b) FEM (finite element model) results, colour 
contours represent the minimum principle compressive (maximum tensile) 
stress. The entire model is shown on grey rectangular in the lower inset 
diagram. The model is fixed at the lower part, indicated by red crosses, to 
avoid any rotation and displacement. The maximum tensile stress is 
concentrated at uppermost crust that caused tension fractures as we 
observed in the field and on satellite imagery, then decrease downward 
gradual to reach at the neutral surface (cf. Ugural, 1981; Rossi; 
Gudmundsson, 1996) and probably at this level the viscoelastic crust act to 
keep lava inside during inflation processes. 
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7.6 Discussion and conclusions  
 
The Al-Halaq al Kabir flow field represents the last eruption in this portion of 
the AHVP based on the stratigraphic mapping of the AHVP. Therefore, it was 
selected to enable complete mapping of surface morphologies and 
identification of well-defined boundaries without subsequent flows overlying 
the part studied. The new age dating and field observations suggest that this 
eruption most likely occurred during the late Holocene (Busrewil, 1996; Nixon 
et al., 2011). This lava field appears to have low viscosity (high mobility) and 
feeding by lava tubes due travelled a great distance (around 22 km) (cf. 
Bernardi et al., 2015.) Field observations and remote sensing data suggest 
that an inflation mechanism (thickening by endogenous growth) played a 
significant role in the emplacement of the Al-Halaq al Kabir lava field.  
Tumuli, lava rise plateaus, lava rise pits and inflation clefts were formed by 
this mechanism, display certain diagnostic characteristics that are an 
indication of their emplacement mode. These inflation structures largely vary 
in their shape and size through the distance from the vent system to distal 
portions and seem to be mainly influenced by paleo-topography and the flux 
rate as well as its composition (Fig 7.17). There are a number of preferred 
path ways recognised on the satellite imagery and in the field that may be 
used pre-existing drainage pattern to drain out lava lakes.  
 
The inflation structures on the surface of the Al-Halaq al Kabir are clearly 
followed a power-law and the roughly normal distribution. Scaling exponents 
results propose that the lava inflation structures are likely to be influenced by 
pre-existing topographic together with effusion rate variability, and the result 
in distributions of tumuli and lava rise plateaus.  The tumulus ridges seem to 
be controlled by pre-existing channels or valleys to form elongated tumuli as 
more stable distribution pathways developed whereas smaller lengths 
represent localised or stationary inflation. Tumuli and lava rise plateaus 
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populations may be divided into subpopulations according to the abrupt 
change in the scaling exponents, ranging from D= 0.37 to 3.07 for tumuli and 
ranging from D= 0.363 to 3.56 for lava rises. The spatial distributions of 
tumuli and lava rise plateaus can be linked to network of lava transport 
beneath an insulating crust (Glaze et al, 2005). Tumuli from AHVP are 
morphologically similar to some Icelandic flow-lobe tumuli, suggesting a 
similar mechanism of emplacement. The tumuli and lava rise plateaus in 
Iceland are strongly related to persistent preferred internal pathways that 
produced a systematic distribution of inflation features. Therefore, the tumuli 
and lava rise plateaus on the surface of flow field in the AHVP are most likely 
correlated with preferred internal pathways thermally efficient that may be 
active at different times during the lava flow field emplacement. Furthermore, 
the alignment of tumuli and lava rise plateaus are clearly discernible in the 
field and on the satellite imagery which indicate that the distributary tube 
systems beneath the upper insulating crust. The pre-existing topography and 
flux rate are the most factors that may influence how and where inflation 
existence (Thordarson, 2000; Glaze et al., 2005; Thordarson and 
Hoskuldsson, 2008). These factors vary from place to place and sometimes 
within same lava flow field. The distribution of inflation structures in space 
might have begun as random, over time, the formation of lava tubes results 
in extremely efficient delivery of lava that led to a systematic clustering of the 
inflation features along these internal networks (cf.  Glaze et al., 2005).  
 
  We inferred from analytical and numerical models that the potential tensile 
stresses at the surface of tumulus (170-570 MPa) and lava rise (44-150 
MPa) are several orders of magnitude larger than the actual tensile strength 
(0.5-9 MPa) of basaltic rocks. Thus, the tensile strength of the lava crust is 
not high enough to resist the potential tensile stress during tumulus and lava 
rise formation, so that the crust will fracture, as we observed in the field and 
from satellite imagery. But, the viscoelastic crust is formed between upper 
crust and core molten zone and behaves as brittle at 800 - 1070oC (Hon et 
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al., 1994) that had the responsibility to remain the magma inside during 
inflation processes.   
 
 
 
 
 
 
 
 
 
 
Figure 7.17. Cartoon showing the development of tumuli and lava rise 
plateaus  in the study area. Cross sections on the left and plan views in the 
middle. Field photographs on the right to display natural of topography on the 
Al Haruj region that consists of a nearly flat-wide area within numerous 
isolated hills (upper photograph). a) and A) Lava flow spreads out through the 
low relief and thin crust was formed. b) The lava sustained a supply of magma 
beneath insulating crust and inflation began initially, in the meantime the 
viscoelastic formed beneath crust with thickness 20-40 cm at 800- 1070o C (cf. 
Hon et al., 1994). The viscoelastic crust played an important role to keep 
magma inside during inflation process c) The tensile stress at the surface is 
much larger (44 to 570 MPa) than the tensile strength of basaltic rock (0.5-9 
MPa) so that will be derived tension fractures on the surface as we observed 
in the field (see analytical and numerical model sections for more 
explanation). B) The plan-view of the present day of the Al-Halaq al Kabir flow-
field where the paleo-topography inverted where the high relief becomes low 
relief (depression) and vice versa as seen in the lower field photograph.  
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Tumuli and lava rise plateaus are thought to be provided with magma from a 
tributary tube system that originates in overflow from several kilometres 
through fissures connected with the lava lake of lava sources (cf. Rossi and 
Gudmundsson 1996; Glaze et al., 2005). Therefore, if we assume the lava 
was delivered through distributary preferred pathways  thermally efficient, the 
magma-static overpressure is ghp mm  , where m is basaltic magma 
density (around 2650 Kg /m3) and g  is acceleration due to gravity (9.81 
m/s2) and h  is the elevation difference. If this assumption were correct, there 
could be the elevation difference at the surface between the source lava lake 
and inflation structures on the Halaq al Kabier flow field (> 100 m) is 
sufficient to generate static overpressure (2MPa) that easily caused these 
inflation structures due to tumulus and lava rise on the AHVP needed only 
less than 1 MPa to form them as discussed previously 
 
The Al-Halaq al Kabir flow field is most likely formed during a single volcanic 
eruption (probably number of eruptive pulses) and the duration of this 
eruption was reasonable taken few months to several years on the basis of 
the thickness of the upper vesicular crust of inflated pahohe flow lobes, 
observed in the field. However, the production rate of the first volcanic 
eruption on the AHVP during Messinian-Zanclean time (≈7 to 3.6 Ma) (e.g., 
Less et al., 2006) is of course larger several factors than the last volcanic 
eruption during Holocene time. The decline in amount (production) of lava 
flows with time is undoubtedly considerable in the Al Haruj region (Elshaafi 
and Gudmundsson, 2017). In addition, monogenetic lava shields, as in 
Iceland and AHVP, are widely believed to be formed in single eruptions, 
some of which may have taken tens of years (Walker, 1965; Gudmundsson, 
1986; Andrew and Gudmundsson, 2007; Thordarson and Hoskuldsson, 
2008; Thordarson, Sigmarsson, 2009; Elshaafi and Gudmundsson, 2017). 
Thus if we presume both eruptions (initial and last eruptions) on the AHVP 
would have the similar emplacement mechanism, so the duration of the first 
volcanic eruption may be an order of magnitude greater than the last 
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eruption (probably  years or even decades). If the eruptions would have 
taken many years (or decades) so replenishment primitive magma into the 
deep-seated reservoir could partly contribute to maintaining its excess 
magmatic pressure inside magma reservoir during the eruption (cf. 
Gudmundsson, 2016). 
 
 Similarly, many studies (e.g., Thordarson et al 1996; Thordarson  and Self, 
1998; Self et al., 1998; Wignall, 2001;Jahren, 2002, Burgess et al., 2017; 
Vaillant et al., 2017) propose that long-lived volcanic eruption, large basaltic 
eruptions, might be protracted and awful atmospheric impact due emission 
large amount of greenhouse gases (e.g., CO2, CH4) . Emissions of CO2 might 
have induced considerable global warming and SO2 global cooling if 
developed over a short interval (Olsen, 1999). There is apparent coincidence 
between the age of an initial volcanism in the AHVP and fauna and flora local  
extinctions in the As-Sahabi area, NE the Sirt Basin, during Messinian-
Zanclean time (≈7 to 5 Ma) (Fig. 7.1) ( Boaz, 2009 El-Shawaihdi et al., 2016). 
In addition , new important evidence is recently offered by Hounslow et al. 
(2017), who inferred on the basis of  high-resolution chronology and 
magnetostratigraphy of the Neogene deposits in the Fezzan Basin, 
southwestern of the Sirt Basin  that  extremely aridity  was taking place at 
Lake Megafezzan (a giant paleo-lake) after 11 Ma (Fig. 7.1). Causes of the 
local biological extinction in the Sirt Basin region remain under debate where 
some researches are connected this local disaster with the Mediterranean 
dramatically drawdown (as much as 1 km) during the end-Miocene 
(Messinian time) (5.96 to 5.33 Ma) and caused massive desiccation in the 
Mediterranean Sea, namely Messinian Salinity Crisis (MSC) (Gautier et al., 
1994; Bache et al., 2009; El-Shawaihdi et al., 2016). 
 
The individual effusive volcanic eruption could not cause alone massive 
aridification or local extinction although it certainly can do some local 
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disasters depends on the amount emission of greenhouse gases and 
duration of eruption.  For instance, Kilauea eruption in Hawaii is considered 
as one of the most long-lived eruptions known on Earth. This volcano emitted 
nearly 2000 tons of SO2 per day through 14 year (Elias et al 1993, Self and 
Thordarson, 1998). This volcanic fog caused serious eye and respiratory 
irritation in the population of Hawaii but does not have extensive awful 
atmospheric impact (Self and Thordarson, 1998). Other example, the 1783–
1784 Laki eruption in Iceland is considered as one of the largest basaltic 
flood lava eruption in historical times (Thordarson et al., 2001; Thordarson et 
al., 2003). This volcanic eruption led to release more than 1.7 megatons of 
SO2 per day and huge amount of dissolved HCl and HF during the first 
weeks of its duration (8 months) (Thordarson et al. 1996). This was led to 
thick dry fog that extended over large areas in Europe and Asia. This may be 
led to some environmental problems in Iceland at that time (Stothers, 1996). 
The remaining of sulfate aerosols in the stratosphere may be caused several 
years of extraordinarily low temperatures and awful weather in many portions 
on Earth (Fiacco et al, 1994, Thordarson and Self, 1997).  
 
Nevertheless, the linked between volcanism and ecologically catastrophic 
climate throughout the geological record are still debated in the literature and 
various interpretations based on new geochemical and isotope data are 
available (e.g., Burgress et al., 2017, Vaillant et al., 2017). Thus, in order  to 
assess whether the duration along with  amount of volatile content  liberated 
during individual volcanic eruption  as listed  above may have influenced the 
local biological extinction in the Sirt Basin area, we should be needed further 
research in the AHVP to accurate quantify eruption durations by using drilling 
core barrels due to the lack of exposures. The core barrels can be used to 
examine the changes in vesiculation structures along with petrographic 
texture and jointing style that are excellent indicators of the transitional from 
crystalline core zone to upper vesicular crust (Thordarson, 1995; Self et al., 
1997: Cashman and Kauahikaua, 1997; Thordarson and Self, 1998). In 
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addition, the detailed petrographic investigation would be a good test to 
estimate the pre and post eruption volatile material of the glass in inclusions 
trapped in phenocrysts (pre-eruption) and degassed lava matrix (post-
eruption) (cf. Self et al., 1998). Such data is also essential condition for 
forecasting and assessment hazards of the AHVP. 
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Abstract 
The spatial distributions of monogenetic volcanoes, primarily volcanic 
craters, within the four principal volcanic provinces of Libya are examined 
and presented on volcano density maps. Six main volcanic clusters have 
been identified, referred to as volcanic systems. Remarkably, the Al Haruj 
(AHVP) and Nuqay (NVP) volcanic provinces have double-peak density 
distributions, while Gharyan (GVP) and Sawda (SVP) volcanic provinces 
have single-peak density distributions. We interpret each density peak as 
corresponding to a separate volcanic system, so that there is a total of six 
systems in these four provinces. There was an overlap in volcanic activity in 
these provinces with at least three simultaneously active. We propose that 
each of the 6 volcanic systems was/is supplied with magma from a large sill-
like reservoir, similar in lateral dimensions to the systems/clusters 
themselves. Numerical results show zones of high tensile and shear stresses 
between the reservoirs that coincide roughly with the main swarms of 
extension (dykes and volcanic fissures) and shear (faults) fractures in the 
areas. The most recent volcanic eruptions in Libya fall within the modelled 
high-stress concentration zones, primarily eruptions in the volcano Waw an 
Namus and the Holocene Al Mashaqaq lava flow. There are no known 
eruptions in Libya in historical time, but some or all the volcanic systems may 
have had one or more arrested historical dyke injections. In particular, part of 
the recurrent seismic events in the Hun Graben in the northwest Libya may 
be related to dyke propagation and arrest.  If some of the inferred magma 
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reservoirs are still fluid, as is likely, they pose earthquake and volcanic 
hazards to parts of Libya, particularly to the city of Gharyan (population about 
45,000) and Zallah town (population about 8,000), as well as to many oil-field 
operations.  
Keywords: volcano distribution, volcanotectonics, volcanic system, magma 
reservoir, volcano interaction, crustal stresses 
 
8.1 Introduction 
 
Libya is located on the Mediterranean part of the African shield, which 
includes basins of Sirt, Ghadamis, Murzuq and Al Kufrah. The Sirt Basin, in 
central Libya, is regarded as the youngest among the other Palaeozoic 
sedimentary basins (Fig. 8.1) (Suleiman and Doser, 1995). Libya has four 
main volcanic provinces. From northwest to southeast, these are as follows 
(Fig. 8.1): (i) The  Gharyan Volcanic Province (GVP), which is situated  in the 
south-western Tripoli; (ii) the Sawda Volcanic Province (SVP), which is 
located between GVP and (iii) the Al Haruj Volcanic Province (AHVP) at the 
central part of Libya;  and (iv) the Nuqay Volcanic Province (NVP), which is 
located close to Tibesti massif at the Libyan-Chadian border (Elshaafi and 
Gudmundsson, 2016). In addition, there are some small volcanic areas and 
structures, such as massif of Al Hasawinah, southwest of SVP, and the ring-
dyke, Jabal Awayant, located in the south-easternmost Libya (Busrewil and 
Wadsworth, 1980). The AHVP is regarded as still volcanically active. This 
conclusion rests on recent geochronological data by Nixon et al. (2011) as 
well as extremely well-preserved inflation features such as tumuli and lava 
rises that strongly support young ages. The lava flows of these four volcanic 
provinces are primarily of alkali to transitional basalts while more evolved 
volcanic rocks such as trachyte and phonolite are not observed in the AHVP 
but being subsidiary in the other volcanic provinces (e.g., Stuart et al., 2014).  
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Figure 8.1. Simplified tectonic map of Libya showing the distribution of main 
volcanic provinces as well as the sedimentary basins. The four principal 
volcanic provinces are obviously arranged NW–SE direction. Inset map shows 
the location of these volcanic provinces in Africa. The normal faults are taken 
from Mouzughi and Taleb (1981) and Abadi et al. (2008). 
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The main evidence for the four principal volcanic provinces in Libya is that 
volcanism occurs primarily within well-defined areas whose long axes 
coincide with ancient structural elements. All the provinces show 
considerable volcanotectonic similarities, particularly in the mechanism and 
products of volcanic eruption (alkali to mildly alkali basalts) as well as in their 
ages (Klitzsch, 1971; Mohamed, 2014; Radivojević et al., 2015). The 
volcanic provinces form a general NW–SE trend, are of Miocene – 
Quaternary age, and cover a total area of about 65,000 km2 (Figs. 8.1 and 
8.2). They occur mostly at the intersections between the main regional pre-
existing structural elements in Libya (Klitzsch, 1971; Busrewil, 2012). 
Although together the provinces form one of the largest volcanic fields in 
North Africa, they have not been previously investigated in detail as regards 
their volcanotectonic evolution.  
 
New age determinations during the past few years show that volcanism in 
Libya was to a degree simultaneous, that is, overlapped, during certain 
periods of time in three of the provinces (Nixon et al., 2011; Bardintzeff et al., 
2012; Stuart et al., 2014; Radivojević et al., 2015). Before these new age 
determinations, it was generally though that volcanism in Libya showed a 
gradual decrease in their age from the northwest, namely the Gharyan 
Volcanic Province, towards the southeast, that is, to the Nuqay Volcanic 
Province (e.g., Hegazi, 1999). These new age data, indicating simultaneous 
activity in most of the volcanic provinces over certain periods of time, 
encourage us to test the potential of a mechanical interaction between the 
provinces, and in particular their volcanic systems. The interaction is most 
likely to have occurred during late Miocene – Pliocene, but may have 
continued to some extent so long as the associated reservoirs were active as 
partially or (more rarely) totally fluid bodies. Some magma reservoirs are 
active for many millions or years, occasionally tens of millions of years, in 
which case mechanical interaction is possible over the same time periods 
(Gudmundsson et al., 2008).  
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Potential mechanical interaction between volcanic systems and individual 
polygenetic volcanoes (stratovolcanoes, basaltic edifices, central volcanoes) 
has received increasing attention in recent years. Such an interaction, where 
it exists, is important as regards general volcanotectonic development of the 
associated volcanoes/volcanic systems, mixing of magmas between them, 
and forecasting their volcanic eruptions. Recent studies on mechanical 
interaction between volcanoes include geodetic measurements in the 
Galapagos Islands, where there is strong evidence for mechanical 
interactions between basaltic edifices (central volcanoes) in close proximity 
(Amelung et al., 2000). There is also abundant evidence of mechanical 
interactions between central volcanoes in Iceland, particularly in the part of 
the volcanic zones located above the Iceland Mantle Plume (Andrew and 
Gudmundsson, 2008; Gudmundsson et al., 2008). Similarly, there is 
evidence for mechanical interaction between some central volcanoes in the 
Kenyan Rift of Africa (Biggs et al., 2016). Here we made several numerical 
models in order to explore the potential mechanical interaction between 
volcanoes in Libya. 
 
To explore the potential interaction between volcanic systems in Libya we 
use the spatial distributions of monogenetic volcanoes, primarily volcanic 
craters, within the four principal volcanic provinces to define 6 potentially 
interacting volcanic systems. We propose that each volcanic system is 
supplied with magma from a sill-like reservoir, that is, a reservoir that is thin 
in relation to its lateral dimensions which are assumed similar to those of the 
associated volcanic system. The reservoirs are assumed located at the 
crust-mantle boundary. We then model numerically the stresses around and 
in-between the proposed magma reservoirs developed partly as a result of 
northeast-southwest extension perpendicular to the main trend of the 
volcanic systems and the nearby Sirt Basin (Fig. 8.1).  
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8.2  Geological and tectonic setting 
 
It is only in the last four decades that the plate-tectonic history of Libya has 
become reasonably well understood. This understanding is primarily the 
result of intensive research during which deep seismic profiling and deep 
drilling of oil wells have extended to the entire territory of Libya, providing 
extensive new subsurface datasets (Hallet, 2002; Peregi et al., 2003; Less et 
al., 2006). During the general tectonic development of the North Africa there  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2. Graph showing the area for each an individual volcanic province in 
Libya. The Al Haruj Volcanic Province (AHVP) represents the largest one, 
covering area around 42,000 km2 while the Gharyan Volcanic Province (GVP) 
represents the smallest one with area around 4,494 km2. The inset map shows 
two main orthogonal pre-existing structural trends based on Woller and 
Fediuck (1980). 
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have been several periods of extensions followed by compression (Klitzsh, 
1971). The major tectonic episodes in Libya include the Pan-African, 
Caledonian and Hercynian orogenies (Peregi et al., 2003). Tectonic 
deformations during Cretaceous, middle Tertiary through Miocene, and 
Holocene also produced major structural and tectonic features. However, the 
effects of major tectonic events were generally broadly distributed, and 
compressional folds are not common (Goudarzi, 1980; Less et al., 2006; Al-
Heety, 2013; Chorowics and Benissa, 2016). In general terms, during the 
Palaeozoic and early Mesozoic the Libyan tectonics was controlled by the 
evolution of Gondwana and Pangaea, whereas through the late Mesozoic 
and Cenozoic times the tectonics was controlled by the evolution of Tethys 
and the Mediterranean sea, the North Africa being situated on the leading 
edge of Gondwana (Hallet, 2002; Peregi et al., 2003; Al-Hafdth and Elshaafi, 
2015). 
 
The African plate ceased to move relative to European plate during the 
Palaeocene (Rosenbaum et al., 2002). Subsequently, the Palaeocene and 
Eocene were marked by magmatism and ring-dyke intrusions, dated as 
Eocene at Jabal Awayant, at the border between Libya, Sudan and Egypt 
(Woller and Fediuk, 1980; Andre, et al. 1991). Simultaneously, there was 
uplift and erosion in western Libya which may be interpreted as the result of 
upwelling mantle plume, as well as continued extensive subsidence in the 
whole of the Sirt Basin (Hallet, 2002). In Oligocene the movement of the 
African plate relative to Eurasian plate changed much, which led to several 
major changes in the western Mediterranean. Subsidence of the Hun Graben 
occurred during this period, and major subsidence was still taking place in 
northern part of the Ajdabiya Trough, eastern part of the Sirt Basin (Hallet, 
2002; Abadi et al., 2008) (Fig. 8.1). Moreover, sedimentation of the 
Oligocene was affected by the upper Eocene – early Oligocene uplift and 
erosion. The broad carbonate platforms in the early Tertiary have 
represented a major hydrocarbon reservoir in the Sirt Basin (Hallet, 2002). In 
addition, the Arabian shield began to break up from the African plate 
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throughout the opening of the Red Sea during this period (Bosworth et al., 
2005; Al-Kwatli et al., 2012). 
 
The Dead Sea was subject to strike-slip faulting during mid-late Miocene, 
reflecting the east-northeast tilting and minor folding of the Sirt Basin (Hallet, 
2002). Following that the motion of the African plate relative to the European 
plate changed from north-northeast to northwest which led to rejuvenation 
Hyrecian faults. During this period there was thrusting and wrench faulting 
offshore of Libya, formation of marine sedimentary rocks in Cyrenica (Jabal  
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3. Map showing the relationship between the late Phanerozoic 
volcanic rocks with the basement outcrops in the North Africa (modified after 
Vail, 1971and Guiraud et al., 2000). Note there is obviously coincidence 
between the volcanism of Libya and the axial trend of the basement outcrops. 
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Al Akhadar area), NE Libya, as well as the effusion of large volumes of 
basaltic lava flows, which were erupted along the axis of the Palaeozoic 
Tripoli –Tibesti Uplift which follows the NNW–SSE trend from the Gharyan 
volcanic field at the coast of Mediterranean Sea, through the AHVP, to the 
Nuqay field at the southernmost Libya (Anketell, 1996, Abadi et al., 2008). 
The Tripoli – Tibesti Uplift is considered by many authors to be located at the 
junction between two African plates (East and West plates), partly based on 
paleo-stress studies (Hallett, 2002). In the late Miocene (Messinian time) the 
sea level in the Mediterranean dropped as much as 1 km, which resulted in a 
salinity crisis. The Messinian event has been evidenced by the layers of 
evaporites that are exposed in the Sahabi area, west of the city of Ajdabia, 
and in oil wells in the Sabratah Basin (Hallett, 2002). In addition, there is 
apparently a coincidence between the age of main volcanisms in Libya (late 
Miocene) and the fauna and flora local extinctions in the As-Sahabi area, 
north-eastern part of  the Sirt Basin,  during Messinian-Zanclean time (≈7 to 
5 Ma) (Boaz, 2009). 
 
While considerable progress has recently been made as regards our 
knowledge of the plate-tectonic history of Libya, there is still lack in 
geophysical information on crustal structure of the entire of Libyan Territory 
(e.g. Peregi et al., 2003; Abadi et al., 2008; Elshaafi and Gudmundsson, 
2017). The most relevant recent information may be summarised as follows. 
Ghanoush et al. (2014) used gravity and magnetic modelling to estimate 
crustal thickness variations in the eastern part of the Sirt Basin. They divided 
the lithospheric into different layers, more specifically the upper mantle, the 
lower crust, and the upper crust. The upper crust involves Palaeozoic, 
Mesozoic and Cenozoic sediments. Most recently, Lemnifi et al. (2017) used 
receiver function constraints (RFs) from data obtained for the first time from 
15 seismic broadband stations from the Libyan Center for Remote Sensing 
and Space Science to map, crudely, the seismic structure. In the present 
study, however, we use constant average static Young’s modulus of 40 GPa 
and a constant Poisson’s ratio of 0.25 for the entire crust.  
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8.3  Volcano-tectonic evolution  
 
The Neogene – Quaternary volcanism is widespread within the African and 
European plates, partly reflecting the change in the plate-tectonic regime and 
associated change in the regional stress field (Cloetingh and VanWees, 
2005; Abadi et. al., 2008). Changes in patterns of mantle convection 
contemporaneous with hot mantle plumes seem to be among the main 
causes of the flood basalt volcanism (Wilson and Guiraud, 1998; Abadi et. 
al., 2008). 
 
In general terms, the volcanic provinces on Libya are spatially related to 
main two structural trends; early Palaeozoic structural elements of a 
prevalent NW–SE to NNW–SSE direction (parallel to the Red Sea) and late 
Palaeozoic to Mesozoic structures (Hercynian Orogeny) with a general E–W 
to ENE–WSW trend (parallel to east Africa rifts). These two structural 
element trends represent regional structures, which have played a significant 
role in the geological evolution of Libya’s volcanism at large scale (Woller 
and Fediuk, 1980; Al-Hafdth and Elshaafi., 2015; Fig. 8.2). The basement 
beneath the main volcanic provinces in Libya is restricted to the overlap of 
Palaeozoic and Mesozoic structural elements, and creates the boundaries of 
sedimentary basins (Hallet, 2002). The Precambrian crystalline rocks in the 
Libyan territory are exposed in narrow and comparatively small areas such 
as Jabal al Hasawinah, west of Sawda, in Dur Quassah west of the AHVP, 
as well as in the Tibesti massif at Libyan – Chadian border (Al-Hafdth and 
Elshaafi., 2015; Fig. 8.3). Within these specific areas with their particular 
crustal structures and tectonic development during Palaeozoic and Mesozoic 
period the four major volcanic provinces in Libya formed during the Tertiary 
to Holocene time (Busrewil and Oun, 1991; Goudarzi, 1980; El¬Makhrouf, 
1988; Less et al., 2006).  
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Vail (1971) suggests that the late Phanerozoic volcanic activity in North 
Africa occurred over a wide area and was coincident with the outcrops of 
basement rocks (Fig. 3). It is clear that the major volcanic fields in Libya are 
strongly correlated to the current elevated basement areas (Fig. 8.3). The 
basement highs seem to reflect some form of subcrustal arching where 
magma may have preferentially penetrated. Alternatively, the magma might 
have had difficulty in piercing thick sedimentary sequence that may be acted 
as barriers to the formation of surface volcanoes (the injected dykes, if any, 
being arrested or deflected into sills within the sedimentary piles) between 
the main volcanic systems on Libya’s Tertiary (Vail, 1971, Al-Hafdth and 
Elshaafi., 2015; Elshaafi and Gudmundsson, 2017). The geochemistry, 
petrology and geochronology of the volcanic provinces of Libya have recently 
been discussed in detail (e.g., Bardintzeff et al., 2012; Mohamed, 2014; Al-
Hafdh and Jafeer, 2015; Radivojević et al., 2015). Accordingly, we present 
only a brief summary of their characteristics.  
 
8.3.1 Gharyan Volcanic Province (GVP) (late Miocene to Pleistocene) 
 
The Gharyan Volcanic Province, with an area of 4,494 km2, is the smallest 
among four main volcanic fields in Libya (Fig. 8.2). It forms a generally 
continuous sheet of volcanoes and lava flows in the central part of Jabal 
Nafusah, which has been active from late Miocene to late Pleistocene and 
lies at the intersection of two major structural elements. These are the NNW–
SSE trending Tripoli – Tibesti Uplift axis formed in the early Palaeozoic and 
the E–W trending Nafusah Uplift formed during the late Palaeozoic to 
Mesozoic time (Woller and Fediuk, 1980; Goudarzi, 1980; Busrewil and 
Suwesi, 1993) (Fig. 8.2).  
 
The province is made up of three distinct phases: (1) An early phase of 
extensive basaltic plateau that is made up of hypersthene normative lavas. 
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(2) A second phase of small phonolitic domes and trachyte. (3) A third phase 
which is characterised by lavas of basanitic composition (Almond et al., 
1974; Al-Hafdh and Jafeer, 2015). The new age dating for the major pluses 
of basalt volcanism in this volcanic province using Ar/Ar chronology by Stuart 
et al.(2014) indicates that the volcanism of the Gharyan province is 
contemporaneous with the volcanism in both the Al Haruj and Nuqay 
volcanic provinces (from the end of Miocene to Pleistocene). This new age 
dating results are strongly difference with previous age determinations that 
were thought the initial volcanism in this region at 55-50 Ma (Eocene) (e.g., 
Almond et al., 1974).  
 
8.3.2  Sawda Volcanic Province (SVP) (Miocene) 
 
The Sawda Volcanic Province is situated in the westernmost of the Sirt Basin 
at the intersection of the early Palaeozoic the Al Haruj Uplift with the late 
Palaeozoic to Mesozoic Al Qarqaf Uplift (Woller and Fediuk, 1980; Fig. 8.2). 
This volcanic province covers an area of approximately 5,902 km2, but this 
figure may be an underestimate because of lack of geological maps at the 
detail available for this volcanic field. Further to the southwest of the Sawda 
province, the volcanic field of Jabal al Hasawinah is tectonically related to the 
Tertiary reactivation of two intersecting major elements in south Libya, early 
Palaeozoic NNW–SSE Tripoli –Tibesti Uplift and the Hercynian ENE–SW, Al 
Qarqaf Uplift (Woller and Fediuk, 1980). These tectonic movements occurred 
during the evolution of two neighbouring structural domes on an N–S axis 
(namely Wadi Bardan and Wadi Darman domes), in which cores the 
basement granite of Pan-African Orogeny is exposed (Busrewil and Oun, 
1991). However, the volcanic rocks of Sawda and al Hasawinah consist of 
alkaline and tholeiite basalts with phonolitic and gabbroic rocks being 
subordinate (Woller, 1978, Busrewil and Suwesi, 1993). The modern age 
dating of Jabal Al Hasawinah and Sawda suggests that their basalts were 
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erupted signiﬁcantly earlier (23-10 Ma) than those of the other volcanic 
provinces (Stuart et al., 2014).   
 
8.3.3 Al Haruj Volcanic Province (AHVP) (late Miocene up to Holocene 
time) 
 
The Al Haruj Volcanic Province (AHVP) is the largest one in Libya. It 
developed from the end of Miocene up to Holocene and has been linked to 
the tectonic evolution of the rifting of the Sirt Basin (Cvetkovic et al., 2010; 
Elshaafi and Gudmundsson, 2016). The Al Haruj Volcanic Province consists 
of two distinct volcanic systems: Al Haruj al Aswad in the north covers an 
area of 34,200 km2 while Al Haruj Al Abyad in the south covers area 7,850 
km2 (Elshaafi and Gudmundsson, 2017). The greatest number of volcanic 
eruptions, the greatest density, is concentrated in two areas in the AHVP. 
We suggest that each of these density peaks or volcanic systems was and 
possibly still is supplied with magma from an individual magma reservoir 
beneath the system (Elshaafi and Gudmundsson, 2017). The AHVP primarily 
made of alkaline to transitional basalts as well as subordinate sub-alkaline, 
whereas more differentiated volcanic rocks are not observed (Busrewil and 
Suwesi, 1993; Peregi et al., 2003; Less et al., 2006; Al-Hafdth and Elshaafi, 
2015).   
 
8.3.4  Nuqay  Volcanic Province (NVP) (Middle Miocene to Pleistocene)  
 
This volcanic province has been affected by two main volcanic events or 
episodes (Radivojević et al., 2015). The first event occurred from the middle 
Miocene up to the Pliocene and produced mainly alkaline to sub-alkaline 
basaltic rocks (transitional). The second event extends from late Pliocene up 
through Pleistocene and produced basanite spatter to scoria pyroclastic 
cones and subsidiary flow-lobes lava flow (Radivojević et al., 2015) that are 
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apparently consistent with age and composition of the main volcanic phases 
of the Haruj Volcanic Province (AHVP). The NVP covers area around 11,655 
km2 and is considered the second largest volcanic province in Libya. The 
modern age dating for the main volcanic provinces in Libya during the last 
years by Nixon et al. (2011), Bardintzeff et al. (2012), Staurt et al. (2014) and 
Radivojević et al. (2015) suggest that the volcanic activity for these volcanic 
provinces may have occurred over same period of time rather than, as 
previous thought, gradually decreasing in age from northwest to southeast.  
 
8.3.5  Geodynamic framework 
 
Many different models have been suggested for the geodynamic framework 
of the Libyan volcanism. Some authors suggest that the Neogene - 
Quaternary volcanism of Libya was related to the passage of the African 
plate over a fixed asthenosphere hotspot or plume (e.g., Hegazi, 1999). This 
is currently not regarded as a very plausible model because the time-related 
migration of volcanic provinces does not fit well with the movement of the 
African plate (Farahat et al., 2006; Mohammed, 2014; Radivojević et al., 
2015). By contrast, Almond et al. (1974) suggest that intra-continental 
volcanism of Libya was most likely the result of North Africa being situated 
on a fracture zone extending from Cameroon through Chad with a 
prolongation traced from Tibesti to Nuqay and the trending northwest the Al 
Haruj and Gharyan volcanic provinces. Similarly, Bardintzeff et al. (2012) 
propose that Libyan volcanism may be caused by reactivation of pre-existing 
regional basement faults associated with lithospheric extension and 
asthenospheric upwelling as a result of tectonic interaction between the 
African and European plates. 
 
Tomographic results of Lie´geois et al. (2005) do not support the existence of 
a mantle plume or plumes beneath Libyan volcanic provinces. Their model 
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proposes that the shallow mantle is warmer, with primitive magma or melt at 
depths of 80 to 150 km below Libyan volcanic provinces. Farahat et al. 
(2006) suggest that the Libyan volcanic rifts are most likely related to the 
large Afro-Arabian rift system that extends from Turkey to Mozambique. This 
rift system is thought to have developed episodically rather than 
continuously. Radiometric age dating results of the eastern rift in Kenya are 
generally occurred with ages of Libyan volcanic activity that extends from 
Miocene up to Holocene time. Therefore, the Libya’s volcanism is usually 
though to be related to tectonic processes rather than a mantle plume 
(Peregi et al., 2003; Less et al., 2006; Bardintzeff et al., 2012). 
 
Mantle-plume models have also been proposed for the volcanism in Libya. 
One such model, Nixon et al. (2011) suggest that the primitive magma of the 
Al Haruj province originated at depths of 70 for tholeiite and 74 km for alkali 
basalts, and that fractional crystallisation occurred at depths of 25-39 km and 
temperatures between 1215oC and 1360oC. Also they propose that the North 
African Tertiary volcanisms can be explained by diapiric upwellings or hot 
fingers originating in the upper mantle. Hence, the origin of volcanisms in 
Libya and North Africa at large scale is clearly ambiguous and still under 
debate. Nevertheless, the petrographic and geochemical similarity between 
various basaltic rocks from the four volcanic provinces and little or no 
evidence on crustal contamination (e.g., Stuart et al., 2014) indicate that 
most of the basaltic rocks derived from common parental sources with 
different degree of partial melting.  
 
8.4 Spatial density of volcanic eruptions: methods and results 
 
The spatial distributions of volcanic eruptions or monogenetic volcanoes 
within the principal volcanic provinces in Libya were examined and are 
presented on a volcano-density map (Fig. 8.4).  We used the published 
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geological maps created by Industrial Research Centre (IRC), Tripoli, from 
the 1980s until 2006 as part of the programme of regional mapping of whole 
Libya of 1: 250,000 scale. These studies use tonal variations on Landsat 
images together with aerial photographs of different scales as well as field 
observations to identify different types of volcanic shapes and features. 
Therefore these geological maps are considered the most recent and 
accurate studies on the Libyan territory. 
 
ArcGIS 10.1 (www.esri.com) was used to georeference raster images of the 
geological maps of these volcanic provinces as a guide to plot the craters of 
these volcanoes. A volcano-density map is defined as the frequency of 
eruption sites or centres that fall within the neighbourhood of each raster cell. 
A neighbourhood is defined as an area around each cell centre. The total or 
cumulative number of eruptive sites or centres is then divided by the area of 
the neighbourhood to obtain the density. The spatial density map was drawn 
by ArcGIS used a search radius of 35 km to produce a more generalised 
output raster. The 35 km search radius (corresponding roughly to the crustal 
thickness) was used for the creation of the density map (Lesti et al., 2008). 
The main vents, that is, the eruption centres or sites, are lava shields, scoria 
cones, spatter cones, and maars. We identified 432 volcanic monogenetic 
eruption sites (including scoria cones, spatter cones, lava shields and few 
maars) in the Al Haruj Volcanic Province. Of these, 55 are lava shields, 8 are 
maars, and 369 spatter and scoria cones. For other volcanic provinces the 
eruption sites are mapped as vents or volcanic craters rather than grouped 
into the specific types above. The total number monogenetic eruption sites in 
the six volcanic systems is 831 where 432 in the AHVP, 180 in NVP, 116 in 
SVP and 103 in GVP.  
 
The volcanic eruptions are obviously clustered throughout a substantial part 
of Libya (Fig. 8.4). The density map, however, show that six main volcanic 
clusters have been identified in this study. Interestingly, the Al Haruj and 
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Nuqay volcanic provinces have double density peaks, that is, each is 
composed of two subzones or subareas. The middle area or boundary 
between two subzones has the lowest eruption density that most likely 
represents the boundary or barrier between separate volcanic systems (cf. 
Andrew and Gudmundsson, 2007; Elshaafi and Gudmundsson, 2017). By 
contrast, Gharyan and Sawda volcanic provinces have a single density peak, 
that is, a single volcanic system. Cluster of volcanoes are primary WNW–
ESE trending, roughly coinciding with the general trend of the main crustal 
fractures zone in the area (Fig. 8.4). The crustal thickness may be variable 
along the zone of volcanism in Libya, as defined by the trend of the four 
volcanic provinces. Each volcanic system is thought to be supplied with 
magma from a source reservoir which mainly draws magma from a limited 
region where the crustal thickness attains a relative minimum (cf. 
Gudmundsson, 2016). The regions of local minimum crustal thickness, that 
is, the reservoirs strongly correlate with the elevated basement areas.   
 
Because of their double-peak density distributions, the Al Haruj and Nuqay 
volcanic provinces may be subdivided into two distinct volcanic systems 
where each system has specific magma reservoir. The basalts from various 
volcanic provinces exhibit broad similarities; only minor geochemical 
differences are recognised (Peregi et al., 2003; Less et al., 2006; Al-Hafdh 
and Jafeer, 2014; Stuart et al., 2014; Radivojević et al., 2015), suggesting 
that the composition of the source reservoirs are also similar. There are no 
available geophysical data as to the depths of the reservoirs. As indicated 
above, Nixon et al. (2011) suggest that fractional crystallisation of the 
primitive magma for the Al Haruj volcanic province occurred at depths of 25-
39 km and temperatures of 1215-1360oC. Therefore, a layer at 
approximately this depth probably represents the transition zone between the 
lowermost crust and upper mantle and may correspond to the location of the 
reservoirs as a part of perhaps a larger and more general ‘magma layer’ as 
in Iceland (Hermance, 1981; Schmeling, 1985; Gudmundsson, 1987).   
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Figure 8.4. Volcano density map on the Libyan territory was created by using 
ArcGIS10.1, a circular neighbourhood with a given radius 35 km. Both of the 
Al Haruj (AHVP) and Nuqay (NVP) Volcanic Provinces may be subdivided into 
two volcanic systems based on the maxima clustering of volcanic craters. 
Whereas the Gharyan (GVP) and Sawda (SVP) Volcanic Provinces have only 
single maxima volcanic craters. Spatial alignments of volcanoes are plotted in 
rose diagrams. 
 
Because of lack of data on the depth of magma reservoirs in the other 
volcanic provinces, during this study we assume the magma reservoirs for all 
four volcanic provinces occurred at around 35 km and that this depth 
corresponds roughly to the crust-mantle boundary in central Libya 
(Ghanoush et al., 2014). It follows that, in the present model, the volcanism 
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in all the four provinces was supplied with magma directly from reservoirs in 
the lower crust or at the crust-mantle boundary rather than through shallow 
magma chambers. The model is supported by seismic and geochemical 
evidence for any shallow magma chambers beneath the volcanic provinces. 
 
8.5 Modelling  
 
All the models here are numerical and used the finite element method. The 
finite-element method (FEM) represents the most common technique for 
solving differential and partial differential equations (Henk et al., 2013). 
Numerical models based on the finite-element method are easily used to 
provide quantitative information on the local stresses around magma 
reservoirs, such as those of interest here. These stress fields, in turn, greatly 
improve our understanding of the volcanotectonics in the region because in 
situ stress fields, partly determined by concentration of stresses around 
thereservoirs, largely control fault slip and dyke emplacement, hence of 
seismicity and volcanism, in the zone hosting the volcanic provinces. Comsol 
Multiphysics (5.1) is the finite element program used for the work described 
in this paper. It is commercial large-scale multipurpose finite element 
software (www.comsol.com).  
 
We made several two-dimensional (2-D) and three-dimensional (3-D) 
numerical models in order to explore the potential mechanical interaction 
between the six volcanic systems. To simplify our models we modelled the 
Earth’s crust as a homogenous and isotropic layer with a Young’s modulus of 
40 MPa, corresponding to the average Young’s modulus of the crust in 
central Libya (Elshaafi and Gudmundsson, 2017) and a Poisson’s ratio of 
0.25, as is typical of most solid rocks (Gudmundsson, 2006, 2016). In the 2-
D models, the magma reservoirs were modelled as circular holes with 
magmatic excess pressure of 5 MPa at a crustal depth of 35 km  
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corresponding to the crust-mantle boundary, the depth of the reservoir 
inferred and discussed above. In the 3-D models, the reservoirs are 
modelled as oblate ellipsoids (penny shaped or sill-like) with a thickness of 2 
km. All the reservoirs in all the models have a diameter of 66 km, using the 
sizes of the volcanic systems inferred by tracing the crudely defined 
boundary of the systems from the density maps of volcanic or eruption sites 
(Fig. 8.5).  
 
 
 
 
 
 
 
 
 
 
Figure 8.5. Volcanic systems in Libya shown here as six roughly circular 
areas at the surface of a crustal block where both AHVP and NVP have double 
magma reservoirs while the GVP and SVP have only a single magma 
reservoir. The magma reservoir for each volcanic system can be 
approximated as oblate ellipsoid or, in geological terms, sill-like. They are 
here assumed circular in plan-view, so that the length and width are equal, 
namely 66 km. Each magma reservoir has an amplitude or thickness (vertical 
dimension) of 2 km as indicated by the red colour. The scale is approximately 
correct for reservoir lateral dimensions but thicknesses of the reservoirs and 
the crustal are exaggerated several times. This geometry is used as a basis 
for the 2-D and 3-D numerical models presented in Figs. 8.7 and 8.8. The 
dashed white lines represent the boundary of the volcanic province at the 
Earth’s surface. 
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The size of the reservoir associated with the Al Haruj al Aswad volcanic 
system (northern part of the AHVP) (Fig. 8.4) may be somewhat larger, but 
generally the reservoir size should reflect the size of the associated system 
which, in turn, should correspond to the general distribution of eruption sites 
at the surface. As a rule, the larger the reservoir in relation to the distance 
between them, then, for a given loading, the larger will be the mechanical or 
stress interaction. We think, however, that in this case the estimated sizes of 
the reservoirs are very reasonable.  
 
The regional loading on the reservoirs is extensional rifting of 5 MPa, that is, 
external tensile stress of this magnitude. The direction of loading, that is, the 
extension vector, is oriented NE–SW (Fig. 8.6), as follows from the 
orientation of grabens and normal faults in central Libya, particularly in and 
associated with the Sirt Basin (Fig. 1), and is also in agreement with general 
field and remote data (Peregi et al., 2003; Less et al., 2006). The regional 
tensile loading parallel with the extension vector is chosen as 5 MPa so as to 
be in agreement with the commonly measured maximum in situ tensile 
strength ( )T o  of rock (Gudmundsson and Brenner, 2003; Gudmundsson, 
20016, Elshaafi and Gudmundsson, 2017). The tensile stress at the surface 
cannot exceed the maximum in situ tensile strength, and is thus generally 
less than 6 MPa (Gudmundsson et al., 2007). The tensile stress is often 
relative at depths exceeding about one kilometre, that is, is not negative but 
rather reduces the compressive stress at that depth (Gudmundsson, 2006). 
At the contact of a fluid-filled body, such as a totally molten top of a magma 
reservoir, then, for certain loadings, the tensile stress becomes negative, that 
is, is absolute. All models were fastened at the corners to avoid any rotation 
and/or displacement (Fig. 8.7). The numerical model images presented here 
show snapshots of the magnitudes of the maximum principal tensile  3  and 
shear  stresses that occur as coloured contours and trajectories of 
maximum compressive principal stress  1  occurs as arrows (Fig. 8.7).  
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Figure 8.6. Map showing the main structural elements of the central part of 
Libya trend generally NW–SE. Dashed black lines indicate trajectories of the 
maximum tensile stress in NE–SW direction (modified after Anketell, 1996; 
Less et al., 2006). 
 
8.6 Mechanical interaction between magma reservoirs  
 
Mechanically, the magma reservoir beneath each volcanic system may be 
modelled as an elastic inclusion where there is an abrupt contrast in elastic 
properties between magma reservoir and the crustal host rocks (Andrew and 
Gudmundsson, 2007). Young’s modulus or stiffness is the primary constant 
used to measure difference in elastic properties between the matrix (here the 
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host rock) and the inclusion (here the magma reservoir) (Savin, 1961; 
Nemat-Nasser and Hori, 1999; Jaeger et al., 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.7. a) 2-D model setup showing the locations of magma reservoirs 
modelled as hole  with  diameter 66 km. b) 3-D model setup showing the 
locations of magma reservoirs modelled as oblate ellipsoids, that is, as 
penny-shaped or sill-like with a diameter of 66 km and thickness of 2 km. The 
magma reservoirs are given an excess magmatic pressure of 5 MPa. The 
direction of tension applied to models and indicated by the arrows with 5 
MPa. Both the 2-D and the 3-D models assume a homogenous and isotropic 
crustal segment with a density of 2700 kg/m3, a Poisson's ratio of 0.25, and a 
Young’s modulus of 40 GPa.  c) and d) 2-D numerical model results for tensile 
 3  and shear   stresses in mega-pascals. High tensile  3  and shear   
stresses clearly occur around each individual magma reservoir. There are 
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also apparently stress concentration zones between nearby volcanic systems 
and thus likely mechanical interaction between volcanic systems. Red cones 
indicate the directions (trajectories) of the maximum compressive principal 
stress  1. These generally coincide with the overall directions of the stress-
concentration zones, thereby indicating likely dyke (and volcanic fissure) and 
normal fault strikes. e) and f) 3-D numerical model results for the principal 
tensile stress  3  and the shear stress  . The potential zones for 
mechanical/stress interactions between nearby volcanic systems remain 
basically similar to those yielded by the 2-D model results in c) and d).  
 
The inclusion, the magma reservoir, may be softer or stiffer than its matrix, 
the host rock. During this study we assume the magma reservoir was totally 
molten, so that its Young’s modulus is zero and the inclusion reduces to a 
hole, when modelled as a two-dimensional structure, and as a cavity, when 
modelled as a three-dimensional structure (Andrew and Gudmundsson, 
2008). By contrast, when a magma reservoir is totally solidified it forms a 
pluton which is generally stiffer, that is, with a higher Young’s modulus, than 
surrounding host rock.  It follows that fossil magma chambers and reservoirs, 
that is, plutons, can and commonly do act as elastic inclusions that modify 
the associated stress fields. Cavities and inclusions in an elastic body result 
in stress concentrations and thus change the local stress field. If the 
cavities/inclusions are comparatively (in relation to their sizes) close to each 
other, then the entire regional stress field in the area may be modified so as 
to encourage mechanical interaction between reservoirs/chambers and 
associated volcanic systems (Gudmundsson et al., 2007). 
 
The main volcanic provinces are clearly arranged NW–SE with various 
distance between nearby provinces and their volcanic systems. The average 
distance between GVP and SVP is around 379 km while the average 
distance between SVP and Al Haruj al Aswad volcanic system (northern part 
of AHVP) is around 106 km. The average distance between Al Haruj al 
Abyad (the southern part of AHVP) and Nuqay volcanic province (NVP) is 
around 214 km (Fig. 8.4). All the reservoirs were modelled as either circular 
holes (2-D) or as oblate ellipsoids or penny-shaped (3-D), that is, essentially 
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as thin sills with lateral dimensions, diameters, of 66 km, as inferred from the 
density maps, and (for the 3-D models) thicknesses of 2 km. However, we 
also made models to with different diameters for the reservoirs. For example, 
modelling Al Haruj al Aswad as with nearly a double diameter of around 120 
km and Al Haruj Al Abyad as with a diameter of 80 km, the rest of the 
reservoirs being of diameter 66 km. The stress magnitudes were greater for 
the larger reservoirs, but the geometries of the stress-concentration zones, 
hence the potential zones for mechanical interaction between systems, 
remained generally similar as when all the reservoirs had the standard 66 km 
diameter (Appendix B). The typical stress fields are presented in Fig. 8.7. 
The results show the magma reservoirs to be connected by zones of high 
tensile  3  and shear  stresses.  
 
The results also show that the stress fields generated between the magma 
reservoirs of the 2-D and 3-D models are basically similar. A simultaneous 
activity between nearby volcanic systems may have resulted in shared 
seismic swarms and dyke injections (Gudmundsson et al., 2008). The 
trajectories of maximum compressive stress  1  and zones of high tensile 
stress  3  are extremely useful to indicate potential sharing of dykes between 
volcanic systems and volcanoes in general, as well as indicating likely strike 
direction of tension fractures and normal faults. For the latter, zones of shear 
stress   provide additional information as to the likely sites for the formation 
or rejuvenation of normal faults (Andrew and Gudmundsson, 2008). The 
results of models show that high tensile  3  and shear stress  concentration 
zones connect the nearby reservoirs and associated volcanic systems. 
These stress zones generally coincide with dominating fracture trends 
(mostly normal faults) in the area. There is a clear mechanical interaction 
between northern part of the AHVP and SVP and between southern part of 
the AHVP and NVP (Fig. 8.7). But there is also a mechanical interaction 
between GVP and SVP, even though they are separated by a comparatively 
great distance.  
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As presented above, all the magma reservoirs are modelled as very soft 
inclusions, that is, as fluid holes. To take into account that the volcanism of 
SVP was significantly earlier than that in the other volcanic provinces we 
modelled the magma reservoir  for this province as a stiff elastic inclusion 
(really a pluton), with a Young’s modulus of 82 GPa (average stiffness of 
gabbro), and thus stiffer than surrounding host rock, at 40 GPa (Fig. 8.8a). 
The other magma reservoirs were again modelled as holes with excess 
pressure of 5 MPa (Fig. 8.8b, c). The results, however, in this model were 
not very different from results in that a mechanical or stress interaction is 
predicted by the zones of tensile  3  and shear stress  between pluton of 
SVP and still active reservoirs of the nearby volcanic provinces (Fig. 8.8). 
The details of the stress fields/zones are of course different between the 
models in Figs. 8.7 and 8, as expected, but the results show that plutons 
nearby active magma reservoirs/chambers can have significant stress effects 
and encourage the generation of local stress fields that would not occur in 
the absence of the pluton. Thus the results show the importance of taking the 
rock heterogeneity, particularly the existence of large plutons, into account 
when modelling stress fields around active magma chambers/reservoirs.   
 
8.7 Discussion  
 
Libya, situated on the northern part of the Mediterranean foreland of the 
African shield, has encountered a significant intraplate tectonism, volcanism 
through its history, and currently has some seismicity indicating tectonic and 
possible intrusive activity (Suleiman and Doser, 1995). We present density 
maps of the spatial distributions of monogenetic volcanoes within the four 
principal volcanic provinces of Libya. The maps define six main volcanic 
clusters, each of which is here regarded as a volcanic system. The difference 
in number between systems and provinces is because the Al Haruj and 
Nuqay volcanic provinces may be subdivided, based on the density map, into 
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two distinct volcanic systems each. We propose that each volcanic system, 
in turn, was supplied with magma from a separate reservoir.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.8. a) 2-D model setup is the same as that shown in Fig. 7a except the 
magma reservoir of the SVP modelled as much stiffer than surrounding host 
rock with a Young’s modulus of 82 GPa. There are b) tensile  3  and c) shear   
stresses concentration zones between nearby volcanic system which indicate 
that the mechanical interactions should be possible. See text for more 
explanation. 
 
The crustal thickness is likely to be variable along the main Libyan volcanic 
area. The magma reservoirs are then located at the regions of local minimum 
crustal thickness which, in turn, are strongly correlated to the current areas of 
elevated basement (Fig. 8.3). It is important to note that the extensive field 
studies in Iceland and seismological data in Hawaii indicate that the 
percentage of feeder-dykes is low (commonly as low as 10-20%) compared 
with arrested or deflected dykes at various level within the Earth’s crust 
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(commonly 80-90%) due to abrupt contrasting mechanical properties at 
segments of the Earth’s crust (Chastin and Main, 2003; Gudmundsson and 
Philipp, 2006). In addition, the magma reservoirs are long-lived fluid-filled 
structures and, for most of time, in lithostatic equilibrium with their host rocks. 
 
One remarkable feature about the volcanism in Libya is that it is largely 
apparently ‘off-rift’. That is, if the Sirt Basin is regarded as the main rift, then 
most of the volcanic provinces are at and just west of the southwest margin 
of the Sirt Basin. Off-rift volcanism is common worldwide and there have 
been many models proposed to explain it (e.g., Gudmundsson et al., 1996; 
Pinel and Jaupart, 2003; Gudmundsson, 2006; Maccaferri et al., 2014; 
Roman and Jaupart, 2014). There is, however, little evidence of volcanism in 
the Sirt Basin. It therefore follows that although the Sirt Basin is a rift 
structure – a major graben structure – it is not clear that it has any extensive 
magma reservoirs that could supply magma (through inclined dyke or sheet 
propagation) to the off-rift volcanism southwest of the rift. By contrast, the 
available evidence indicates – which is also one major conclusion of this 
paper that the volcanic provinces west of the Sirt Basin are fed essentially in 
vertical flow through dykes injected from sill-like, laterally extensive magma 
reservoirs located at the crust-mantle boundary and directly beneath the 
provinces. More specifically, we suggest that each of the six identified 
volcanic systems has an extensive magma reservoir which fed all the 
monogenetic volcanoes that constitute the systems. 
 
The numerical models presented here show clear high tensile  3  and shear-
stress (von Mises)  concentration zones between all the volcanic systems. 
Mechanical interaction between them was, therefore, presumably 
considerable during the active times. There is a clear mechanical interaction 
between northern part of the AHVP and SVP and between southern part of 
the AHVP and NVP. But there is also a mechanical interaction between GVP 
and SVP, even though they are at great distance from each other. The stress 
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concentrations zones change their orientation and geometry slightly from the 
northwest to the southeast.  
 
The stress-concentration zone and trajectories of maximum compressive 
stress  1  between southern part of AHVP and NVP trends NW–SE while the 
trend of stress concentration zone and trajectories of maximum compressive 
stress  1  between Al Haruj Al Abyad and Al Haruj Al Aswad is NNE–SSW. 
The tensile  3  and shear  stresses between northern part of AHVP and 
SVP and the trajectories of maximum compressive stress  1  strike WNW–
ESE then return in the stress concentration zone between GVP and NVP to 
NW–SE direction. The stress concentration zones among volcanic systems 
are obviously consistent with the strike of faults within the region. The 
directions of maximum principal compressive stress  1  and high tensile 
stress  3  can be used to infer likely dyke sharing between nearby volcanic 
systems whereas the trajectories of maximum principal compressive stress 
 1  and von Mises or shear  stress can be used to indicate the formation or 
rejuvenation of shear fractures or seismogenic faulting (Andrew and 
Gudmundsson, 2008); in the present case, primarily normal faulting.   
 
There is considerable observational evidence supporting the results of the 
numerical models. The more recent volcanic eruptions in Libya occur in the 
areas between the main volcanic systems. More specifically, in the Waw an 
Numus Volcano, situated in the area between northern part of NVP and 
southern part of the AHVP, and also the Holocene Al Mashaqaq lava flow, 
which erupted in the area between northernmost part of the AHVP and SVP 
(Fig. 8.9). In addition, the western part of the Sirt Basin is characterised by 
large swarms of tectonic fractures and numerous crater rows/volcanic 
fissures at the surface and a dense swarm of high angle normal faults at 
deeper crustal levels, these being recognized in seismic data (e.g., 
Abdunaser, McCaffrey, 2015). Thus the stress concentration zones due to  
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Figure 8.9. Satellite imagery, (adapted from Google Earth), showing the 
distribution of volcanic craters throughout Libyan territory and epicentres of 
earthquakes recorded in the past one hundred years as well as master and 
auxiliary faults around the Hun Graben area. Note the more recent volcanic 
eruptions (such as Waw an Namus and Holocene Al Mashaqaq lava flow, 
indicated by white arrow) and the earthquakes around the Hun Graben are 
clearly coincidence with stress concentration zones between the volcanic 
systems that inferred from numerical models (Figs. 7, 8). Locations of 
earthquakes are taken from Suleiman and Doser (1995) and faults from 
Abdunaser (2015). 
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mechanical interaction between magma reservoirs may partly contribute to 
generate these extension and shear fractures.  
 
The alignment of volcanisms in Libya along the axis of the Palaeozoic Tripoli-
Tibesti Uplift may relate to the mechanical interaction between the volcanic 
and contribute to a favourable orientation for the generation of stress-
concentration zones. A series of high magnitude earthquakes have also 
been recorded along the margin of the NW–SE trending Hun Graben, 
western Sirt Basin, during historical time (Fig. 9). This recording includes one 
of the largest historical earthquakes recorded in Africa with magnitude 7.1 on 
9th April 1935, showing that that this region is seismically quite active 
(Suleiman and Doser, 1995). By contrast the eastern part of the Sirt Basin is 
seismically less active, which may be partly due to the lack of volcanism in 
that part. Some of these earthquakes in the western part of the Sirt Basin 
have estimated focal depths at 21±3 km (Suleiman and Doser, 1995), which 
is comparatively close to the estimation depth of fractional crystallization and 
magma reservoir at the Al Haruj region  (25-39 km) (Nixon et al., 2011). 
 
The seismic swarm in the vicinity of Hun Graben area appears to be 
consistent with high shear concentration stress zone between GVP and SVP 
(Fig. 8.7c). In addition, the Gharyan area appears to be seismically active; a 
seismometer in the Gharyan region, southwest Tripoli, operated for six hours 
in 1977 and during this time recorded three moderate earthquakes (Kebeasy 
1980; Suleiman and Doser, 1995). One problem seismicity studies in Libya in 
the past decades is the absence of seismic monitoring stations. The first 
Libyan seismological network has been installed only in 2005 (Al-Heety, 
2013). So that the actual number of earthquakes in Libya and their location 
are poorly known. In addition, faults have not been sufficiently investigated to 
yield the certain information about recent activity needed to be able to predict 
earthquake occurrence in Libya (Hassen, 1983).  
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The inferred shear-stress zones due mechanical interaction between SVP 
and GVP may contribute to seismogenic faulting as is supported by the 
number of large earthquakes that have been documented along the margin 
of the NW–SE trending Hun Graben (Figs. 7c, 8.9). Although there are no 
evidence for eruptions in Libya during the historical time, many or perhaps all 
the volcanic systems may have been subject to one or more dyke injections 
during this period. It follows that the seismic events in Hun Graben area 
could be associated with dyke propagation, where the dyke eventually 
became arrested and thus did not erupt. More detailed geophysical studies 
and geodetic data in the future may help us to obtain a better constraint on 
Libyan tectonism and magmatism. 
 
8.8 Conclusions 
 
- This study focuses on the volcanism and tectonism of the four main 
volcanic provinces of Libya, using field data and numerical models.   
- Six main monogenetic volcanic clusters are identified in this study. 
Each cluster is interpreted as a volcanic system supplied with magma 
from a separate magma reservoir. Each reservoir is thought to occupy 
a region of local and relative crustal-thickness minimum. These local 
minimum crustal thicknesses, and thus the inferred reservoirs, 
coincide with areas of elevated basement.  
- Numerical models show strong stress interaction between the magma 
reservoirs. In particular, stress concentration zones and trajectories of 
maximum compressive stress  1  between nearby volcanic systems 
may encourage simultaneous volcanic and tectonic events, 
seismogenic faulting, and dyke sharing between volcanic systems.  
- The modelled stress-concentration zones agree well with the 
distribution of the major tectonic features in this part of Libya.  
- The numerical models show that the mechanical interaction 
decreases as the distance between nearby volcanic systems 
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increases. Thus, the great distance between GVP and SVP is 
presumable the main reason for comparatively little mechanical 
interaction between them compared with the much greater interaction 
between SVP and northern part of AHVP. 
- Seismic events in Hun Graben (e.g., M7.1, on April/1935) area may 
have been related to dyke propagation that eventually became 
arrested and thus did not result in an eruption.  
- If magma reservoirs are still active fluid-filled structures, they may 
pose a significant earthquakes and volcanic risk to the city of Gharyan  
(population >45.000), the towns of Zallah (population >8.000) and Al 
Fuqaha (population >6.000 population), as well as to many oil fields. 
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Abstract  
The Tibesti Volcanic Province (TVP) represents the second largest among 
the five Gharyan – Tibesti volcanic provinces and covers an area around 
29,000 km2. The TVP, in the north-western part of Chad, shows considerable 
difference in terms of volcano-tectonic processes, eruptive style and 
production of volcanic materials from other four volcanic fields in Libya, 
although they are mostly contemporaneous from the late Miocene to 
Quaternary and may have derived from the common mantle source. The 
variations of volcanic products along the TVP range from contemporaneous 
basaltic to acidic, during the end of Miocene to late Pleistocene indicate that 
the magma in this volcanic field may be derived from a double magma 
source, in contrast to other most volcanic provinces in Libya. Field 
observations and numerical model results suggest that basaltic magma 
(scoria cones) at the periphery of the volcanic province may be derived from 
a deeper magma reservoir in the lower crust while the more evolved rhyolite 
and ignimbrites most likely are obtained from a shallow crustal magma 
chamber. The presence of a shallow magma chamber for an extended 
period of time (> 1Ma) has modified the in situ stress fields beneath this 
volcanic region and generated volcano-tectonic elements which may be 
superimposed on the pre-existing regional lineaments which define two 
preferential directions; a NW–SE and NE–SW. The evolution of the TVP is 
characterised by constructive episode (between 8 and 7–5 Ma), and then 
destructive episode (between 7-5 and 0.43 Ma) where the constructive 
(inflation process) period involves the accumulation of volcanic materials to 
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form central volcanisms, whereas destructive periods (deflation processes) 
involve vertical collapse calderas due to volcano-tectonic forcing and 
produced the large-volume volume of ignimbrites (>100 km3). Here we 
present many numerical models with various loadings to understand better  
the volcano-tectonic evolution and spatial and temporal distribution of the 
major volcanic units. Our findings suggest that the stress fields associated 
with excess magmatic pressure or regional field stress as loading are 
favourable to form a volcano cone fed by radial dykes and inclined sheets 
and mostly associated with small-volume eruptions. While stress fields 
associated with the uplift doming at the lower crust owing to the 
accumulation of magma are favourable for initiation ring-faults at the surface 
or at shallow depth and emplacement of ring-dykes from lateral ends of 
existence shallow crustal magma chamber that subsequently led to 
subsidence block roof (piston-like caldera subsidence) to squeeze out much 
magma. In fact, some basaltic lava flows and mixing lava andesitic-trachyte 
are usually followed each an individual collapse caldera that may be derived 
from infrequently dykes from deeper magma reservoir or from the floor of the 
former magma chamber. These lavas are mainly recognised around rims of 
calderas that might be used the pre-existing ring-faults planes as conduits.  
 
9.1 Introduction 
 
The Tibesti Massif or the Tibesti Mountains is located in the central Sahara 
desert, mostly in north-western Chad and extend into north-eastern Niger 
and southern Libya which covers the area around 100,000 km2 (Permenter 
and Oppenheimer 2007; Deniel et al., 2015) (Fig. 9.1a). It is a dome with 
elevations in excess 3,000 m above the sea level with late Miocene to late 
Pleistocene volcanic field in the southern half of the mountains which covers 
area around 29,000 km2. The Tibesti Volcanic Province (TVP), at the north-
western of Chad, is considered as the southernmost extension of the four 
main volcanic provinces in Libyan territory. They are organised from NW to 
SE as follows; Gharyan Volcanic Province (GVP) is located in the north-
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western Tripoli, As Sawda Volcanic Province (SVP) is situated between GVP 
and the Al Haruj Volcanic Province (AHVP) at the central part of Libya, and 
Nuqay Volcanic Province (NVP) is located farther south close to Tibesti 
massif at the Libyan – Chadian border (Fig. 9.1a) (Bardintzeff et al., 2012; 
Elshaafi and Gudmundsson, 2016). Those five volcanic fields represent the 
Neogene – Quaternary outpouring volcanic activity which covering a total 
area exceeds 95,000 km2 (Fig. 9.1a). There are great differences between 
the Tibesti Volcanic Province (TVP) and other volcanic provinces in regards 
to volcano-tectonic process, the eruptive style, and volume of volcanic 
materials although there are mostly contemporaneous at the end of Miocene 
and onward. The lava flows of Libya’s volcanism are generally predominated 
by alkali to transitional basaltic rocks with a minor amount of phonolites and 
trachyte which are only associated with primary basaltic rocks at GVP and 
NVP (e.g., Staurt et al., 2014; Radivojević et al., 2015). While the surface of 
TVP is almost entirely made mostly of ignimbrites, trachyte, and basaltic lava 
flows along with minor recent andesitic-trachyte (Deniel et al., 2015).  
 
Although the TVP is enormous and the second largest in size among the 
Tibesti – Gharyan volcanic provinces, very little is known about it due to a 
series of sporadic clashes and conflicts at Libyan – Chadian border, at 
Tibesti Massif, since 1979 to 1989 between Libyan and Chadian forces and 
remain extremely challenging and hazardous to ground-based access this 
region particularly during present-day. Therefore, most of the literature dates 
back to the early fifties and seventies, by Wacrenier et al. (1958); who 
established the first geological map. Subsequently, Vincent (1960, 1963, and 
1970) has provided valuable data on the geology and structure of the Tibesti 
massif. Then, Malin (1977) mentioned from remote sensing data that Elysium 
Mons and the Martian volcanoes (e.g., Olympus Mons and the Tharsis 
Montes) are comparable the volcanoes within the Tibesti mountains (e.g., 
Emi Koussi) and he inferred that the sources of magma for these volcanic 
provinces are stationary relative with respect to the surface (Permenter and 
Oppenheimer 2007). Furthermore, the modern studies on this fascinating 
volcanic region are also still very few and sparse commonly by Guiraud et al. 
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(2000); Gourgaud and Vincent (2004); Permenter and Oppenheimer (2007); 
Deniel et al. (2015).  
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1. a) Simplified geological map showing the distribution of the main 
Tibesti – Gharyan volcanic provinces which are generally arranged NW-SE 
direction (modified from Abadi et al., 2008; Deniel et al., 2015). The inset map 
shows main orthogonal pre-existing structural trends based on Woller and 
Fediuck (1980). The dashed orange box shows the location of Fig. 9.1b. b) 
Volcanotectonic map of the Tibesti Volcanic Province showing the 
distribution of the five main volcanic units and tectonic framework. Three 
collapse calderas are indicated by yellow colours with associated large 
volume of ignimbrites (> 100km3) that are aligned with an NW-SE linear trend. 
Three bimodal central volcanoes are marked by pink colour that are extended 
NE-SW trend along Yebbigue major fault.  Scoria cones are indicated by red 
spots and mainly concentrated at  the margin of province as well as around 
collapse calderas. The Precambrian rocks were divided into the Lower 
Tibestain (T1) and Upper Tibestain (T2) (modified from Permenter and  
Oppenheimer, 2007; Deniel et al., 2015).  
 
In general terms, the five Tibesti – Gharyan volcanic provinces are spatially 
related to main two structural trends; early Palaeozoic structural elements of 
a prevalent NW–SE to NNW–SSE and late Palaeozoic to Mesozoic 
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structures (Hercynian Orogeny) with ENE–WSW trend (Fig. 9.1a) (Woller 
and Fediuk, 1980). These two orthogonal regional elements are likely to be 
inherited from the previous basement construction of those volcanic fields. 
These two preferential structural elements have played a significant role in 
the geological evolution of the North Africa (Woller and Fediuk, 1980). It is 
interesting to note that the basement beneath the main volcanic provinces in 
the North Africa is restricted to the overlap of ancient structural elements, 
and creating the boundaries of sedimentary basins (Fig. 9.1a). The 
Precambrian crystalline rocks are exposed in restricted and comparatively 
small areas in Libyan territory such as Jabal al Hasawinah, west of As 
Sawda volcanic field and inlier of Dur Quassah west of the Al Haruj Volcanic 
Provine while in a large area at Tibesti massif at Libyan – Chadian border 
(Fig. 9.1a). Therefore, it appears to be that the attenuation of the Earth's 
crust within these specific areas during the Proterozoic, Palaeozoic and 
Mesozoic period is one of the main contributions that encourage to the 
outflowing of principal volcanic provinces during the Neogene to Quaternary 
period (Busrewil and Oun, 1991; Goudarzi, 1980; El-Makhrouf, 1988; Less et 
al., 2006). 
 
Vail (1971) suggests that the late Phanerozoic volcanic activities of the whole 
North Africa have occurred over a wide area and coincident with the outcrops 
of basement rocks. However, the major volcanic fields in the North Africa are 
strongly correlated to the current basement elevated areas. The basement 
highs seem to be reflected some form of subcrustal arching or swelling 
where magma might have preferentially penetrated, alternative this might be 
difficulty in piercing thick sedimentary sequence that may be acted as a 
crustal barrier between the main volcanic provinces (Vail, 1971, Elshaafi and 
Gudmundsson, 2017). The Tibesti –Gharyan volcanic provinces seem to be 
on a terrane boundary between Neoproterozoic high-grade metamorphic 
rocks to the east and Neoproterozoic-Palaeozoic low-grade rocks to the west 
(El-Makhrouf, 1988; Keppie et al., 2011). Schafer et al. (1980)  suggest that 
this volcanism line trend NW–SE, is related to the Cretaceous boundary 
between the NW and SE African subplates which was reactivated during the 
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late Miocene due to the convergence between Africa and Europe  
(Bardintzeff et al ., 2012).  
 
9.2 Geological and tectonic setting  
 
The Neogene to Quaternary volcanic activity within the North Africa is 
extensive and reflected a change in the plate tectonic regime, most likely 
related to the changing stress fields and patterns of mantle convection 
(Cloetingh and VanWees, 2005; Abadi et. al., 2008), simultaneous with hot 
mantle plumes appear to be the main cause of the flood basalt volcanism 
(Wilson and Guiraud, 1998; Abadi et. al., 2008). Many models have been 
suggested for the geodynamic setting of the North Africa’s volcanism as well 
as the origin of magma is still widely under debate and poorly understood. 
For instance, Bardintzeff et al. (2012) pointed out that these volcanisms 
caused by reactivation of pre-existing regional basement faults associated 
with lithospheric extension and asthenospheric upwelling as a result of the 
relative interaction of the African and European plates.  While tomographic 
model of Lie´geois et al. (2005) does not support the existence mantle 
plumes beneath these volcanic provinces, this model assumed that the 
shallow mantle is warmer, prevailing the depth or primitive magma between 
80 to 150 km beneath the region, which is consistent with the low He3/He4 
isotope signature of Gharyan xenoliths supposing an origin of their common 
HIMU-FOZO component with the upper mantle.  
 
By contrast, Burke (1996) suggests that the mantle plumes beneath the 
African plate at the upper mantle caused the doming or swelling due to the 
very slowly drifting African plate with related to hotspots or actually immobile 
during the last 35 Ma (Begg et al., 2009). Those volcanic fields appear to be 
corresponding to weakness and up-doming areas (Peregi et al., 2003; 
Permenter and Oppenheimer, 2007). Gourgaud and Vincent (2004) have 
been identified the presence mantle plume beneath the TVP from a 
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geochemical signature. Nixon et al. (2011) suggest that the North African 
Tertiary volcanisms can be explained by diapiric upwellings or warm fingers 
originating in the upper mantle.  Keppie et al. (2011) propose conceptual 
model based on geophysical and geological constraints to depict the 
geometry of the super-plume or channel plume underlain the North Africa 
that can laterally feed geographically discrete volcanic fields analogous the 
Afar plume (cf. Ebinger and Sleep, 1998; Begg et al., 2009). This model has 
been suggested the Hoggar Massif, in Algeria, was fed by mafic basaltic 
magma from the Tibesti–Al Haruj plume that flowed westwards and then 
southwards into the Hoggar Massif and locations of volcanic fields are 
controlled by pre-existing regional faults. 
 
However, the structural features, geological history and description of 
principal volcanic units on the TVP have recently been discussed in detail by 
Deniel et al. (2015). Accordingly, we present here a brief summarised of their 
key features, focusing in this paper on the aspects most relevant for local 
and regional stress fields that are favourable to form central volcanoes and 
collapse calderas and areal distribution of scoria basaltic cones. The 
basement rocks underlying the TVP were emplaced during the Late 
Precambrian (Pan-African orogeny), accompanied by intense deformation, 
shearing and metamorphism and subdivided into the Lower Tibestain (T1) 
and Upper Tibestain (T2) which are separated by unconformity or contact 
(Fig. 9.1b). The former basement unit is exposed in the eastern part and 
made up of high-grade metamorphic rocks while the latter basement unit 
consists of low-grade metasedimentary rocks (Deniel et al., 2015). It was 
followed by post-orogenic magmatism until the early Cambrian intruded by 
different types of granites and elucidated as the early manifestation of the 
Caledonian orogeny (Klitzch, 2000; Peregi et al., 2003, Deniel et al., 2015). 
The Caledonian orogeny was accompanied by the formation of the NW–SE 
trending for more than several hundred kilometres, long extensional 
structures, such as Tripoli – Tibesti Uplift that is subparallel to the Al Haruj 
Uplift and among others. The TVP is also influenced by perpendicular 
structures during the Hercynian orogeny (late Jurassic – early Cretaceous) 
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were superimposed over the earlier Pan-African system (Fig. 9.1a). The NE–
SW striking Sirt – Tibesti uplift (Sirt Arch) has been formed during this period.  
The elevated Precambrian of central Sahara was actively eroded during 
most of the Palaeozoic and produced a large volume of clastic materials and 
subsequently largely formed the Palaeozoic hydrocarbon reservoirs in the 
Murzuq Basin, SW Libya (Peregi et al., 2003; Fig. 9.1a). Deniel et al. (2015) 
suggest that the volcano-tectonic in the TVP was influenced by two tensional 
lines, namely, the great NW–SE Tassilian flexure to the southwest and a 
major NE –NNE Yebbigue fault zone to the east (Fig. 9.1b). They are 
obviously more or less consistent with two orthogonal regional structures 
elements that were interpreted by Woller and Fediuk (1980). 
 
9.2.1   Main volcanic units at the Tibesti Volcanic Province 
 
In the Tibesti mountains, a large volume of late Miocene - late Pleistocene  
volcanic rocks (TVP) is exposed in the southern part and have been 
classified into five main volcanic units by Deniel et al. (2015), based on field 
relationships, volcanological, geochronological data and petrological studies, 
as follows; a) Plateau volcanism (17-8 Ma) consists of alkaline olivine basalts 
covering area around 29,000 km2 associated with trachytic to phonolite plugs 
and this volcanic unit represents the oldest volcanic rocks in the TVP. This 
volcanic unit was contemporaneous with basaltic lavas of the As Sawda 
Volcanic Province (SVP), central Libya, which has been dated between 16 
and 8 Ma (Ade-Hall et al. 1974; Woller and Fediuk 1980; Bardintzeff et al., 
2012). The plateau volcanism on the TVP seems to be erupted episodically 
rather than continuous where it was interrupted by sedimentary deposits 
among layers of basaltic rocks. b) The second volcanic unit, it spreads 
toward central part of the province at the end of Miocene (between 8 and 5 
Ma), forming four large compositionally bimodal volcanic centres, namely;  
Yega, Oye, Toom and Tieroko (Fig. 9.1b). Those central volcanoes are 
exposed over an area about 2.700 km2 and form an eroded plateau. Each 
central volcano consists of two distinct stages. The first stage consists mainly 
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of basaltic lava created at the margins while the second stage consists of 
mainly rhyolites lava flow and formed at the core (Deniel et al., 2015). This 
volcanic unit was followed by c) third volcanic unit, multiple collapse 
calderas, which most likely associated with significant up-doming at the 
bottom of the crust led to collapse three major calderas respectively, and 
produced three large ignimbrites as much as 100 km3, namely; Voon caldera 
(7–5 Ma), Emi Koussi caldera (2.4–1.33 Ma), and Yirrigue caldera (0.43 Ma) 
(Deniel et al., 2015). d) The recent basaltic volcanism resuming again after 
initial basaltic plateau (volcanic unit a) at 7–5 Ma which produced scoria 
pyroclastic cones and basaltic lavas. This fourth volcanic unit is apparently 
consistent with age and composition of the first volcanic phase at the Haruj 
Volcanic Province (AHVP) which has been dated between 7.9 Ma to 3.6 Ma 
(Less et al., 2006; Bardintzeff et al., 2012). Some of the basaltic lavas 
occurred along rims of calderas and interior of the calderas. 
 
 However, each major caldera-forming episode coincided with termination of 
rhyolite activity and the initiation of mafic volcanism around the rim of caldera 
and migration of the focus of further ignimbrite to other places of the Tibesti 
region due the local stress field associated around the old magma is not 
favourable to feed it from deeper magma reservoir so that the new magma 
chamber would be formed on either or both sides of the old magma chamber 
(Fig. 9.2). We will discuss this mechanism in more detail in the discussion 
section. e) Last volcanic unit on the TVP has been observed at a rim of 
Yirrigue caldera in the Tarso Tosside Volcanic Complex and produced 
andesitic-trachyte (100 ka). This volcanism as well as Tarso Tousside and 
Emi Koussi  fumarole are considered as potentially volcanically active 
(www.volcano.si.edu) (Permenter and Oppenheimer, 2007). However, the 
present distribution of the main volcanic units on the TVP is given in Figure 
(9.1b), it is only a guideline to whole the volcanic province which involves 
delineation of different types of volcano-tectonic elements together with their 
assignment to the relevant volcanic events. Consequently, we will build up 
the present work according to this comprehensive and concise division was 
provided by Deniel et al. (2015). 
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Additionally, the main volcanic units were examined here in more detail using 
ArcGIS 10.1 and multi-source high-resolution remote sensing images, for 
instance, the satellite imagery available on Google Earth (2016) for the 
central Sahara desert. Digital elevation model (DEM) and data collected by 
the NASA Shutter Radar Topography Mission (SRTM) were also used. 
Google Earth imagery provides three-dimensional geospatial data through 
Keyhole Mark-up Language (KML). In the TVP, the images are detailed 
enough so as to provide high-resolution of about 0.5–2.5 m multispectral at 
nadir as well as considerably enhanced by extremely good preservation of 
volcanic features because the aridity of the region (Permenter and 
Oppenheimer, 2007; Abdunaser and McCaffrey, 2014; Elshaafi and 
Gudmundsson, 2016, 2017) and allow us to measure the geometry of 
volcanoes, azimuth, and thickness of inclined sheets and dykes. The present 
work confirms that high-resolution remote sensing is an effective and efficient 
complementary tool to traditional field measurements for volcanological  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.2. Satellite imagery (adapted from Google Earth) covers the TVP and 
shows the locations of three collapse calderas and central volcanoes (left 
image). Note each large ignimbrite eruption (indicated by yellow colour) was 
followed by the basaltic and andesitic-trachyte (indicated by pink and gray 
colours, respectively). Yellow colours represent the area covering by 
ignimbrite and have been estimated by ArcGIS 10.1 as follows: Yirrigue 
Caldera 3,223 km2, Voon Caldera 2,777 km2 and Voon Caldera 2,167 km2.  
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examination in arid and remote and hazardous regions (cf. Drury, 2001; 
Rajesh, 2004; Permenter and Oppenheimer, 2007; Chen et al., 2014; 
Abdunaser and McCaffrey, 2014; Elshaafi and Gudmundsson, 2016) such 
the TVP. The geometry of each volcanic unit is defined by its length, width 
(diameters), area, volume and depth or thickness.  ArcGlobe 10.1 was used 
to plot the scoria cones, then the shape files of scoria cones imported into 
ArcMap10.1 that were added to the map through georeferenced raster 
images of the geological maps of the TVP prepared by Permenter and  
Oppenheimer (2007); Deniel et al. (2015) as a baseline (Fig. 9.1a, b).  
 
The main aim of this work is to provide a model to explain the formation of 
the central volcanoes (constructive structure) and calderas (destructive 
structure) as a consequence of the existence of a shallow magma chamber. 
Finite element methods (FEM) are used here to calculate the local stress 
field associated with magma chamber to better understand the volcano-
tectonics mechanism for this region. Magma chambers are modelled here as 
a hole within the Earth’s crust and subject to various loading conditions. The 
three primary loading conditions considered are (i) the excess magmatic 
pressure within magma chamber, (ii) tensile stresses represent the remote 
field stress as well as (iii) the compressive stress at the bottom of the crust 
during the end of Miocene due to accumulation magma and caused regional 
swelling or uplift.  The results indicate that the uplift doming at the lower crust 
played major role to generate three major calderas respectively, while 
excess magmatic pressure and far-field stress as loadings are only favoured 
to form constructive volcano (radial dykes, inclined sheets and regional 
dykes) rather than collapse caldera (ring-faults and ring-dykes). Basaltic 
lavas are mainly produced at peripheral of province and meantime followed 
each collapse caldera, but the intermediate and acid rocks are mostly 
produced in the central volcanoes and collapse calderas (Fig. 9.1b). 
 
The evolution of the TVP is characterised by constructive episode (between 
8 and 7-5 Ma), and then destructive episode (between 7–5 and 0.43 Ma) 
where the constructive (inflation process) period involves accumulation of 
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volcanic materials for formation central volcanism (volcanic unit b) whereas 
destructive period (deflation process) involve vertical collapse calderas and 
produced huge volume of ignimbrites and most likely associated with ring 
faults and ring dykes (volcanic unit c). Interruptions between ignimbrites 
activity were characterised by widespread basaltic to andesitic-trachyte 
volcanism and like this phenomenon has been observed in many collapse 
calderas worldwide, for instance, the Las Canada caldera in Tenerife (Marti 
and Gudmundsson, 2000).  
 
Stratigraphic and geochronological data show that during the development of 
calderas the focus of felsic volcanic activity migrated with time from centre of 
the volcanic province at Voon caldera (7-5 Ma) and then to the southwest at 
Emi Koussi caldera (2.4–.33 Ma), and finally moved to the northeast at 
Yirrigue caldera (0.43 Ma) (Fig. 2). The conceptual, analogue and analytical 
modelling of Marti and Gudmundsson (2000) for overlapping collapse 
calderas generated by magma chamber migration seems to be applicable for 
the caldera collapses on the Tibesti volcanic province although there are 
spaces separated between nearby calderas in the TVP rather than 
overlapping as we discussed in later sections. The dimensions (diameters), 
maximum depth below the top of the caldera, geometry area and eruptive 
volume of ignimbrites associated with each individual caldera on the TVP are 
summarised in Table (9.1). These eruptive volumes have been estimated by 
Deniel et al. (2015) that most likely are a crude measure of the effective 
minimum magma volume that left the magma chamber during eruption due 
to the effects of erosion and buried by later eruptions. This volcanic province 
is likely fed by double magma sources, in contrary to other volcanic 
provinces in Libya (Fig. 9.3a). One magma chamber is most likely located 
within the Earth’s crust and mainly produced more evolved lava flow while 
deeper magma chamber (magma reservoir) at the lower crust or at crust-
mantle boundary produced mainly less evolved lava flows. Temporal and 
spatial of various style and productions of volcanisms on the TVP can be a 
understanding better in the terms of volcano-tectonics processes and 
numerical models.  
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9.3 Conditions for magma chamber rupture and dyke emplacement  
 
The magma chamber is typical formed within the Earth’s crust over 
considerable periods of time at depths from a few kilometres to several tens 
of kilometres below the free surface with various great sizes from hundreds 
to thousands cubic kilometres or even more in other planetaries 
(Gudmundsson, 2008; Gudmundsson, 2014). Magma chamber may be 
developed from an original sill absorbs the magma of many dykes whilst it is 
still liquid or, alternatively, due to merge nearby sills into a large one  
 
 
 
 
 
 
 
 
Figure 9.3.  a) Schematic diagram illustration the volcanic field may be fed by 
double magma sources. The shallow magma chamber provided magma 
through radial dykes and inclined sheets whereas the deeper magma 
reservoir provided primitive magma through regional dykes (modified from 
Gudmundsson et al., 2008). Shallow magma chambers are the sources of 
bimodal central volcanoes as well as collapse calderas at the TVP while deep-
seated reservoir may be the source of monogenetic basaltic rocks at the 
periphery of the province. b) The simplified illustration of spherical magma 
chamber at shallow depth d  subject to magmatic excess pressure p
e
. The 
maximum tensile stress
max  occurs at the boundary at points c1 and c2 once 
the angle   reaches a maximum.  The tensile stress 
b at a point b  is equal to 
internal magmatic excess pressure p
e
while at point a  depends mainly on the 
radius r  and depth d  of the magma chamber (see text for more explanation) 
(modified from  Gudmundsson, 1990).  
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(Gudmundsson, 1990). The condition for rupture of a magma chamber and 
emplacement of dykes when the following equation is satisfied 
(Gudmundsson, 2011); 
03 Tpp el                                                                                           (9.1)                                                                                                 
where 
lp  is the lithostatic pressure, ep  is the magmatic excess pressure 
(above the lithostatic pressure) in the magma chamber prior dyke 
emplacement and 
0T  is the tensile strength of the host rock at the wall of the 
chamber, 
3  denotes the minimum compressive principal stress, here is 
given by its absolute value (positive), and perpendicular to the dyke 
emplacement. Since magma chambers are long-lived fluid-filled structures 
which normally rupture not regularly in comparison with their lifetime and 
commonly in lithostatic equilibrium with host rock so that 
3 = lp = 1  
(maximum principal compressive stress) and excess pressure 
ep is zero in 
the chamber at every point at its surface. But for unrest period the excess 
pressure 
ep must be positive in the chamber and condition to be satisfied is 
ep = 0T  due to  (i) magma replenishment from deeper source or (ii) through 
gas exsolution from its magma  or (iii) reduce the minimum principal 
compressive stress 
3  owing to extension (Gudmundsson, 2012). The in-situ 
tensile strength 
0T  of rocks in range of  0.5 and 9 MPa with most common 
values being 2–4 MPa (Haimson and Rummel, 1982; Amadei and 
Stephansson, 1997). Thus we used here the maximum excess magmatic 
pressure for magma chamber is 5 MPa for all numerical models.  
 
Once magma chamber ruptures the over magmatic pressure (driving or net 
pressure) has the responsibility to form a fluid-driven fracture and then 
magma filled extension fractures and crystallised to form sheets 
(Gudmundsson, 2015). The sheets are classified into inclined sheet, dyke/sill 
depending on its attitude relative to the host rocks. Dykes are mainly vertical 
or close to vertical while inclined or cone sheets are relatively tilting (Fig. 
9.3a) and sills are commonly horizontal (Tibaldi, 2015). As the dyke or 
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inclined sheet begins to propagate up into the roof of the chamber, the 
magmatic overpressure in the fluid-driven fracture becomes (Gudmundsson, 
2011): 
dmreo ghpp   )(                                                                           (9.2)                                                                                             
 
where 
r  is the average density of the crustal layers which the dyke 
dissects, m  is the magma density (assumed constant), g is acceleration 
due to gravity (assumed constant), h  is the dip dimension  above magma 
chamber and 
d  is the differential stress at the level where the dyke is 
observed (Gudmundsson, 1990; Gudmundsson, 2011).The magmatic 
overpressure 
0p  measures the difference between the total magmatic 
pressure and maximum tensile principal stress
3 , which acts normal to the 
dyke, and increases so long as the buoyancy term ghmr )(    is positive on 
its path towards the surface. During fissure eruptions, the overpressure 0p  
has large effects on the effusion rate (Gudmundsson, 1990; Gudmundsson, 
2011; Kusumoto et al., 2013). The over magmatic pressure at the Al Haruj 
Volcanic Province, central Libya, has been estimated of 8–19 MPa by 
Elshaafi and Gudmundsson (2016), even though the excess magmatic 
pressure commonly does not exceed 5 MPa as indicated above.  
 
In fact, the majority of dykes propagated from magma chamber that are 
arrested or deflected at various levels of the Earth’s crust (Gudmundsson, 
2014; Elshaafi and Gudmundsson, 2016). In case of deflection led to form an 
initial sill as previously mentioned due to three main mechanisms, namely i) 
stress barriers (layers where the principals stresses have turned  so as to 
become unsuitable to dyke emplacement . ii) The Cook-Gordon debonding 
or delamination (induced dyke-parallel tensile stress opens the contact 
ahead of the propagating dyke tip). iii) Clastic mismatch mechanism (relates 
to abrupt change in Young’s modulus across a contact in relation to the 
contact properties and material toughness). Further details of the arrested 
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and deflection of dykes are given by Browning and Gudmundsson (2015) 
and Elshaafi and Gudmundsson (2016).   
 
9.4 Mechanism of constructive central volcanoes   
 
Field observations and geophysical studies suggest that the geometry of 
long-lived magma chambers approaches the ideal geometry of spherical or 
ellipsoidal rather than being irregular in shape, particularly during the end 
stages of their evolutions (Gudmundsson, 1988, Gautenb et al., 1989, 
Gudmundsson, 1990; Gudmundsson and Nilsen, 2006; Gudmundsson, 
2008). Therefore if we assume magma chamber circular  geometry  at depth 
(d) and radius r and subject to an internal magmatic excess pressure
ep  (Fig. 
3b), the stress fields associated with magma chamber is given  by this 
equation (Savin, 1961, Gudumundsson1998); 
)2tan21(   peb                                                                                     (9.3)                                                                                                    
where 
b  is the  tensile stress along the boundary of the chamber and   is 
the angle between the vertical axis and tangent (AZ) to the boundary of the 
magma chamber. The maximum tensile stress occurs at the both sides ( c1  
and c2 ) of the chamber where the angle reaches a maximum at these points. 
On the top of the chamber at point b the tensile stress is equal to magmatic 
excess pressure p
e
. The maximum tensile stresses max has been recorded at 
point c1 and c2 when the radius r of chamber is close to central depth d of the 
magma chamber and can be found by this relation (Gudmundsson, 1998) 
(Fig. 9.3b);  
 
 rd
rdpe
22
22
max


                                                                                         (9.4)   
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Table 9.1. The cross-sectional area, maximum depth and eruptive material 
(area and volume) associated with each major collapse caldera at the TVP. 
The ages and eruptive volumes are taken from Deniel et al. (2015).   
 
All symbols are as defined above. Once d is > 1.73 r, the maximum tensile 
stresses at both sides of chambers at points c1  and c2  is greater than 
maximum tensile stress at the free surface above magma chamber at point a 
(Gudmundsson,1998) and vice versa. 
 
Deeply eroded in the TVP,  probably several kilometres (Vincent 1970; 
Deniel et al., 2015), particularly at Tieroko extinct central volcano, is very 
helpful for understanding the similar three-dimensional structure of the active 
magma chambers (cf. Gudmundsson, 1998) (Fig. 9.4a). Extinct crustal 
magma chambers of different sizes and depths occur in deeply eroded 
volcanic regions and commonly associated with swarms of inclined sheets, 
radial dykes, ring faults, and ring dykes or concentric dykes such as Iceland 
and Scotland (Gudmundsson, 1998; Upton, 2004). The swarms of inclined 
sheets and radial dykes occur at flanks of Tieroko extinct central volcano and 
can be traced to pluton (cf. Deniel et al., 2015) (probably the uppermost part 
of extinct magma chamber) (Fig. 9.4a). Some of the inclined sheets seem to 
be arrested at various levels due to an abrupt change in the mechanical 
properties between layers, particularly changes in stiffness (Young’s 
modulus) of those layers (Fig. 9.5a) (Elshaafi and Gudmundsson, 2016). 
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Figure 9.4. a) Satellite imagery (adapted from Google Earth) showing the 
deeply eroded Tieroko extinct central volcano. The black arrows indicate the 
radial dykes (lighter tune than surrounding) that may be injected from the 
uppermost of the magma chamber and seem to be comparatively thick ones. 
The exposed part of the chamber, pluton, is at a depth few kilometres below 
the initial top of the associated volcano (cf. Deniel et al., 2015). The white 
arrows provided the locations Figure (9.5a, b). b) Composite central 
volcanoes consist of two distinct volcanic phases. The first phase made up of 
basaltic and emplaced around the margin while the second phase consisted 
of rhyolite and emplaced at the central part. The description and names of 
both volcanic phases are taken from Deniel et al. (2015).  
 
The cross-cutting relationships also indicate that the radial dykes (probably 
acidic) were mostly emplaced after inclined sheets (probably basaltic) (Fig. 
9.5b). The inclined sheets (less evolved) apparently formed from deeper part 
of magma chamber while radial dykes formed from the uppermost part (more 
evolved). The distribution of radial dykes and inclined sheets indicates the 
existence of at least two magma sources (two magma chambers) or 
stratified/compartments being due to the difference between the density of 
felsic and mafic magma (buoyancy effects) within the same magma chamber 
where the high density may accumulate at the floor while light density tend to 
move toward the top of the magma chamber (cf. Gudmundsson, 2012).  
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Figure 9.5. a) Swarms of inclined sheets indicated by white arrows, in the 
eroded Tieroko extinct central volcano (located in Figure 9.4a). They may be 
basaltic and mostly 0.5-3 m thick. b) Rhyolitic radial dyke (indicated by red 
arrow) cross-cutting the inclined sheet that may be assumed younger than 
basaltic inclined sheets (indicated by white arrows).  
 
In addition, the morphology and stratigraphy of Toom central volcano 
strongly support this assumption, where it consists of two distinct volcanic 
generations (bimodal) (Fig. 9.4b). The first generation made up of less 
evolved volcanic rocks (basaltic rocks) whereas the second generation made 
up of more evolved volcanic rocks (rhyolite) (Vincent, 1970; Permenter and 
Oppenheimer, 2007; Deniel et al., 2015). At the contacts with the Tieroko 
pluton, the dips of the host rocks increase sharply toward top of the edifice 
from 10o to as much as 20o. It may be indicated that the magma 
chamber/pluton generates space for itself partly through forceful intrusion, 
primarily by bending or uplift the layers above and below (cf. Gudmundsson, 
2012; Barnett and Gudmundsson 2014). Nevertheless, the presence of a 
shallow magma chambers beneath the region for long period of time (>1Ma) 
has indeed affected the stress field on the TVP (cf. Gudmundsson, 1998, 
2015, 2016; Karaoglu et al., 2017) and caused volcanotectonic elements 
which may have superimposed on the pre-existing regional lineaments which 
define two preferential directions; NW–SE and NE–SW as already stated.    
  
Hence we made many numerical models using the finite-element methods 
(FEM) to study in detail stress fields associated with magma chamber on the 
Tibesti Volcanic Province. The finite element methods (FEM) represent the 
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most common technique for solving differential and partial differential 
equations (Henk et al., 2013; Hickey and Gottsmann, 2014). Numerical 
models based on the finite element methods provide quantitative information 
on the local stresses field distribution around magma chamber and magma 
reservoir and greatly improve our understanding the volcanotectonics in this 
region because in situ stress field is of fundamental importance in 
volcanotectonics to explain the concentration stress zones around the 
magma chamber that may be trigger of volcanisms, ring faults as well as 
seismic activity. Comsol Multiphysics (5.1) is the finite element program used 
for the work described in this paper. It is commercial large-scale multi-
purpose finite element software (www.comsol.com), and for more details of 
the standards modelling procedure can be found in Deb (2009).  
 
Magma chamber can be modelled as a finite size cavity or penny-shaped in 
a three-dimensional model or as a hole for a two-dimensional model, the 
hole in elastic host rock when still magma or as an elastic inclusion when 
crystallised (pluton) which concentrate stresses when loaded (Andrew and 
Gudmundsson, 2007; 2008). Extinct stiffness magma chamber may be 
generated local stress field difference from active magma chamber due to 
varying in elastic modulus. The active magma chamber may have zero 
Young’s modulus while the fossil magma chamber is usually higher young’s 
modulus than the host rock. However, in the present work, we modelled 
magma chamber as hole with diameter 14 km and a top at 7 km depth, in 
both common geometries, spherical or oblate ellipsoidal (sill-like), in an 
elastic host rock subject to magmatic overpressure of 5 MPa as the only 
loading (Figs. 9.6a, 9.7a). The effects of gravity are taken into account 
automatically due to we used excess magmatic pressure rather than total 
pressure (Gudmundsson, 2012). The cross-sectional area of the associated 
magma chamber at the TVP has been roughly estimated from the geometry 
of the collapse calderas (Marti et al., 1994; Marti and Gudmundsson, 2000; 
Acocella, 2007) (Table 9.1). Additionally, we roughly estimated the top depth 
of magma chamber from Tieroko extinct central volcano. If we assume this 
pluton represents the uppermost part of the extinct crustal magma chamber 
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and taking into account the thickness of eroded (probably several kilometres) 
(Deniel et al., 2015). Therefore, the top depth of magma chamber in the TVP 
most likely located within few kilometres where the results of numerical 
models are not sensitive significant to the depth of the magma chamber.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.6. a) Model outline showing circular magma chamber a top at depth 7 
km with diameter 14 km subject to internal magmatic excess pressure 5 MPa  
as the only loading.  The model is fastened at the outer boundary using a 
fixed constraint to avoid any rotation or displacement. Colour contours 
showing the magnitude of the maximum principal tensile stress 
3  (b) and 
von Mises shear stress  (c) in mega-pascals. The maximum stresses have 
occurred at the boundary that are consistent with the analytical model (Fig. 
3b). d) Showing the trajectories of the maximum principal compressive stress 
1  so that a fluid-driven fracture (usually a dyke or an inclined sheet) are 
commonly propagated parallel trajectories.  
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To simplify our models, we modelled the crust as homogenous layer with 
static Young’s modulus for the crust 40 GPa corresponding to the average 
static Young’s modulus for the upper crust (Wienecke and Stadtler, 2014; 
Elshaafi and Gudmundsson, 2017), and Poisson’s ratio of most rocks around 
0.25 (Gudmundsson, 2011).  The typical results are presented in Figures 
(9.6 b, c, 7b, and c),  generally yield similar results. They show, first of all, the 
maximum principal tensile and shear stresses generated around the margins 
of both shapes of magma chambers (spherical and sill-like magma 
chamber). The local tensile stress 
3  satisfies (8-10 MPa) the condition for 
failure or rupture of magma chamber Eq. (9.1) because the magnitude of 
tensile stress exceeds the tensile strength of the host rocks (most commonly 
2-4 MPa) (Amadei and Stephansson, 1997; Gudmundsson, 2008).  
 
Dykes or inclined sheets essentially are extension fracture so that it follows 
the trajectories of the maximum compressive principal stress 
1  (cf. 
Gudmundsson, 2011) (Figs 9.6d, 9.7d). Hence the magma driven-fractures 
would have propagated in all directions like radial from the source where the 
driven-fractures propagate from the central part would be more vertical 
(dyke) than driven-fractures propagate from both sides (inclined sheets). 
These modelling results are greatly coincidence with field observations at 
Tieroko eroded central volcano (Figs. 9.4a, 9.5a, b). To test the effect of 
remote or regional stress field we again made several numerical models 
using Comsol (www.comsol.com). We used the same crustal properties, 
Young’s modulus of 40 GPa and a Poisson’s ratio of 0.25 as in the previous 
models. We used only loading 5 MPa (Fig. 9.8a) as represent regional 
extensional stress field, NE – SW direction, because absolute tensile stress 
at close to the surface or within few kilometres cannot go-over the in situ 
tensile strength of the host rocks (commonly 4-5 MPa) (Haimson and 
Rummel, 1982;Schultz, 1995; Amadei and Stephansson, 1997; 
Gudmundsson, 2008).  
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Figure 9.7. a) Model outline showing sill-like magma chamber a top at depth 7 
km with diameter 14 km and 2 km thick subject to internal magmatic excess 
pressure 5 MPa  as the only loading. The results of model yield similar as in 
circular magma chamber Figure (9.6). The maximum tensile principal stress
3  (b) and von Mises shear stress   (c) occurred at lateral ends of the 
magma chamber and in the centre of free surface. d) Driven-fractures 
propagated from the magma chamber parallel to the trajectories of maximum 
principal compressive stress
1 .   
 
 
The results (Fig. 9.8b, c)  show that while the maximum tensile 
3  and shear 
 stresses concentration above the magma chamber rather than margins 
and the trend  trajectories of the maximum principal compressive stress 
1  is 
generally vertical and would favour the formation vertical dykes rather than 
inclined sheets (Fig. 9.8d) as we observed in the previous models. So that 
the radial dykes and inclined sheet in the Tieroko eroded centre volcano 
most likely generated by local stress fields associated with magma chamber 
due to excess magmatic pressure rather than regional stress field. The latter 
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could be partly responsible for formation vertical dyke from the deeper 
magma reservoir rather than inclined sheets from the shallow crustal magma 
chamber. Our findings are in good agreement with field observations and 
modelling deeply eroded, extinct central volcanoes by Gudmundsson (1998) 
in Iceland. In addition, we made the same modelling for spherical magma 
chamber under same loading and boundary conditions, and we found the 
same results for sill-like magma chamber, are not shown here.    
 
9.5 Mechanism of caldera collapse  
 
Caldera is one of the most important volcano-tectonic features of the TVP 
and still poorly documented and understood. Collapse caldera is generally 
defined as an elliptical or spherical in plan-view with depression in range of 
few hundred meters and their diameters greater than one kilometre and 
commonly being 10 km (Marti and Gudmundsson, 2000; Gudmundsson, 
2008; Gudmundsson, 2015). It frequently occurs along steeply dip-slip faults, 
so as to either inward-dipping (normal fault) or outward-dipping (reverse 
fault), consequently existence shallow crustal magma chamber (Fig. 9.9) 
(Gudmundsson, 2015; 2016). Many of ring-faults used as magma conduit 
during collapse calderas and formed ring dykes (Browning and 
Gudmundsson 2015). The caldera collapse can be subdivided into two 
groups based on the types of volcanoes to which they belong (Francis, 1993; 
Lipman, 2000; Radebaugh et al., 2001; Krassilnikov and Head, 2004; Cole et 
al., 2005; Gudmundsson, 2008). The first group mainly belongs to basaltic 
shield volcanoes such as Hawaii and Galapagos and have mean maximum 
diameters in range 6-7 km while the second group is belong to composite 
(central) volcanoes and have diameters in the range 18-19 km (Radebaugh 
et al., 2001). There are three major collapse calderas, in addition to small 
nested-calderas, that have been identified on the TVP with diameters in the 
range 12-16 km (Fig. 2.9). They are very close to the second group rather 
than the first group (Table 9.1). The calderas on the TVP have been partly 
filled with lava flows to their rims and interior (Fig. 9.10 a, b), similar to many 
other calderas worldwide. 
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Figure 9.8. a) Model setup showing the sill-like magma chamber a top at 7 km 
and 14 km wide and 2 km thick in homogeneous crust with stiffness 40 GPa. 
Note the direction of tension applied to the model demonstrated by arrows. It 
is a tensile stress of 5 MPa only as a loading. The maximum tensile stress 
3
(b) and von Mises shear stress  (c) occurred at the top and bottom of the 
magma chamber rather than later ends. d) Stress trajectories (trends) of the 
maximum principal compressive stress
1 .    
 
While many different models have been suggested for explain the 
relationship between ring faults and existence shallow crustal magma 
chamber into which the caldera block subsides (Walker, 1984, Marti et al., 
1994;  Burov and Guillou-Frottier, 1999; Acocella et al., 2004; Folch and 
Marti, 2004; Gray and Monaghan, 2005), little attempts have obviously made 
to clarify  their mechanics (Gudmundsson, 2007; 2008). It is well known that 
the ring-fault must create at the surface prior the block subsidence take 
places (Gudmundsson, 2008). The ring-faults are commonly inward-dipping 
(normal faults) at the TVP, becoming vertical with depth that caused 
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subsided blocks of collapse calderas and associated with huge volumes of 
ignimbrite, more than 100 km3, associated with each individual caldera, 
(Deniel et al., 2015; Table 9.1). Inward-dipping ring-faults can be generated 
when volcanic province containing volcano is subject to doming or extension 
force, particularly in rift zones and in continental grabens. When the inward-
dipping is close to vertical, the ring-dyke is likely to propagate; consequently, 
the magma chamber may squeeze out large fraction, and sometimes 
effectively all, the magma in the chamber (Gudmundsson, 2015, 2016). 
However, the ring-fault displacement (volcano-tectonic forcing) and 
composition of magma (gas-rich magma) played a very significant role to 
squeeze out a much higher volume of magma than the frequency or ordinary 
poroelastic eruption. Because excess magmatic pressure
0p drops rapidly 
during ordinary eruptions and therefore is not capable to produce these huge 
volumes at the TVP, whereas the ring-faults and gas-rich magma generally 
can permanently maintain the excess pressure as longer than the ordinary 
eruption to keep a fluid-driven fracture open at its contact with the chamber 
until the eruption comes to an end thereby producing large eruption (cf. 
Gudmundsson, 2015; 2016). 
 
Deniel et al. (2015) propose that some of the ring-faults/ring-dykes on 
Yirrigue caldera may be buried by subsequently the post-caldera Tousside 
complex (Fig. 9.10a). Different loading conditions and magma chamber 
geometries (spherical or sill-like) are deeply investigated by Gudmundsson et 
al. (1997), Gudmundsson and Nilsen (2006); Gudmundsson (1998, 2007, 
2008) in order to improve our understanding the mechanism of formation 
ring-fault (volcano-tectonic forcing) and caldera stability and why some of 
them associated with huge volcanic eruptions (many tens cubic kilometres). 
Attention should be drawn to the fact that collapse calderas are not always 
associated with massive eruptive material where the volume of eruptive 
materials depend mainly on the dipping of ring-fault (inward-dipping, or 
outward-dipping) and composition of the magma. Further more details about 
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caldera collapse mechanisms and the associated eruptions are given by 
Gudmundsson (2015, 2016).  
 
In general terms, it is well known that the caldera collapse conditions depend 
strongly on the shape of the magma chamber, loading conditions as well as 
Young’s moduli of the host rocks (Gudmundsson and Nilsen, 2006). The 
geometry and size of magma chamber are generally changeable during its 
evolution so that only specific shapes of magma chambers are favourable for 
formation collapse calderas such as oblate ellipsoidal while others such as 
prolate ellipsoidal, are unlikely to generate local stress field for formation 
collapse caldera (Gudmundsson, 1998, 2007, 2008). Therefore the ordinary 
poroelestic eruptions in collapse calderas, through radial dykes and inclined 
sheets, are considerable more regular than initiation, or renewed slip on an 
existing ring-fault (Newall and Dzurisin, 1988; Gudmundsson, 2008). The 
stress field associated with various geometries of magma chamber through 
its lifetime may favour injections numerous of inclined sheets and dykes 
whereas the stress field associated with magma chamber for formation or 
slips on the existing ring-faults persists is uncommonly (Gudmundsson, 
2007). Based on well-documented field observations by Gudmundsson 
(1998, 2008), the shear stress  and the near-surface tensile stress 3  must 
apex at both sides of magma chamber as well as at the radial distance at the 
free surface to form a ring-fault, owing to most of ring faults and ring dykes 
initiate at the lateral ends of the associated magma chamber. However, the 
ring-fault is essentially shear fracture, and hence the local shear stress 
field must be satisfied the condition of failure criterion (Gudmundsson, 2007, 
2008).  
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Figure 9.9. Schematic illustration of collapse caldera that is commonly 
associated with existence shallow crustal magma chamber. The cross-
sectional area of magma chamber can be achieved from geometry area 
of a caldera. Most of the collapse calderas occur in the volcanic 
provinces when magma accumulates at the lower crust to cause 
upwelling or doming much larger than the diameter of the existence 
shallow crustal magma chamber. The ring-fault slip is played a 
significant role to squeeze out much magma and generated large 
eruption. Nested collapse caldera is commonly associated with older 
and larger caldera at the centre or margin such as Tou au Natron a 
nested caldera within the larger Yirrigue collapse caldera at the NE 
Tibesti Volcanic Province (Fig. 9.10a) (modified from Gudmundsson, 
2007).  
 
In the above models, the maximum surface tensile 
3  and von Mises shear 
 stresses occurred due to either excess magmatic pressures ep  (Figs. 9.6, 
9.7) or extensional regional stress field (Fig. 9.8) that are mainly 
concentrated at the point above the centre of magma chamber rather than its 
lateral edges, accordingly those stresses fields are not at a suitable location 
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to promote ring-fault or ring-dyke formation while being favourable to radial 
dyke and inclined sheet injection as we have discussed earlier. We thus 
made again some numerical models using Comsol (www.comsol.com) in 
order to test the stress field that is favourable for formation or slip on pre-
existing ring-faults. We used the same crustal properties, Young’s modulus 
of 40 GPa and a Poisson’s ratio of 0.25 as in the previous models. 
Underlying the crustal segment is a magma reservoir with a width 50 km.  
 
We used only loading 10 MPa (Fig. 9.8a) as representing the magma 
accumulation and excess pressure or stress at the base of the crustal 
segment, resulting doming of an area much larger than that of the shallow 
magma chamber and then most likely subsequently caused collapse caldera 
(Williams and McBirney, 1979; Lipman, 1984; Komuro, 1986; Marti and 
Gudmundsson, 2000, Gudmundsson, 2007, 2008). The primitive magma  
generated due to partial melting at the upper/lower mantle boundary (≈ 670 
km depth) travels buoyantly through the mantle, displacing denser 
asthenosphere, and ultimately accumulated at the crust-mantle boundary 
(Permenter and  Oppenheimer, 2007). Due to the lack of the geophysical 
data on the Tibesti massif, we assume that the magma reservoir 
(accumulation of magma) was generally located at average depth around 35 
km, which generally corresponds to the boundary (Moho discontinuity) 
between the lower crust and upper mantle in the central and southern Libya 
(Ghanoush et al., 2014). This depth is also quite consistent with depth of 
magma reservoir in the Al Haruj Volcanic Province (AHVP), central Libya 
(Peregi et al., 2003; Nixon et al., 2011; Elshaafi and Gudmundsson, 2017). 
The thickness of crust at TVP )35( km seems to be sensible due to Tibesti 
massif is located on a stable cratonic with lithospheric thickness around 130-
140 km (Ebinger and Sleep,1998; Permenter and Oppenheimer 2007). 
 
The magma chamber is modelled as elliptical shape field-scale with a major 
axis 14 km and at depth 7 km, to a first approximation (Fig. 9.11a). The 
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spherical magma chamber is not suitable for formation ring-faults within 
homogenous Earth’s crust (Gudmundsson, 1998, Gudmundsson and Nilsen, 
2006), but in fact is suitable under-specific Young’s modulus for the layer 
hosting magma chamber (Gudmundsson, 1998; 2008) and are beyond the 
scope of the present work. The models show doming at the bottom of the 
crust due to accumulation of magma that led to generate  the maximum 
tensile stress 
3  at the margin of magma chamber about 3.5 MPa (Fig. 
9.11b, c) whereas at the free surface above the chamber the maximum 
tensile stress 
3  shows two peaks at around 5.5 MPa (Fig. 9.11b, d). 
Furthermore, the von Mises shear stress  at the margin of the chamber 
reaches about 9 MPa while at the free surface above the chamber has two 
peaks of about 4.5 MPa (Fig. 9.12a, c).  
 
Shear strength 
0  of most rocks has been estimated from stress drop of 
earthquakes between 1 MPa to 10 MPa, and is most commonly 3-6 MPa 
(Kanamori and Anderson, 1975; Kanamori, 1977; Gudmundsson, 2016), 
while the tensile strength 
0T has a comparatively lower range and mostly 
around 2-4 MPa (Amadei and Stephansson, 1997; Gudmundsson, 2012). In 
addition, the tensile 
0T  and shear 0  strengths of the country rocks may be 
slightly reduced due to thermal effects of the active magma chamber 
(Browning et al., 2016). Thus the conditions for ring-fault initiation at the free 
surface and at the shallow depth seem to be suitable (cf. Gudmundsson et 
al., 1997; Gudmundsson 1998, 2007, 2008). Maximum tensile 
3  and shear 
 stresses at the lateral ends of the magma chamber and the radial distance 
from the surface point above the centre of the chamber  appear  to be 
coincided and in the similar range of tensile 
0T  or shear strength 0  of 
ordinary rocks. So that those in situ stress fields are likely to trigger ring-fault 
initiation or slip on an existing ring-faults on the surface as well as the 
emplacement of ring-dykes from margins of the magma chamber (cf., 
Gudmundsson 1998, 2007, 2008). It is important to note that those stress 
concentrations above the margins of the associated shallow magma 
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chamber rarely occur in the global volcanic fields to form caldera collapse in 
comparison with ordinary poroelastic eruptions (Gudmundsson 2015; 2016).  
 
 
 
 
 
Figure 9.10. Satellite imageries (adapted from Google Earth) exhibit two main 
collapse calderas at the TVP. a) Yirrigue caldera collapse (0.43 Ma) associated 
with nested Trou au Natron caldera and followed by recent andesitic-trachyte 
(100 ka) at its margin. b) Emi Koussi caldera collapse (2.4–1.3 Ma) associated 
with nested unknown caldera at the central part and followed by scoria cones 
along its margin and in the central part as well. Note the ignimbrites for both 
calderas cover the huge area (>100 km3).  
 
9.6 Discussion and conclusion  
 
9.6.1 Magma supply by double magma sources 
 
The variety of volcanic products along the TVP range from contemporaneous 
basaltic to acidic, during the end of Miocene to late Pleistocene, propose that 
the magma in this volcanic field may be comparatively derived from double 
magma sources while the Al Haruj Volcanic Province, central Libya, is 
commonly supplied through single magma reservoir, most likely at the crust-
mantle boundary (cf. Peregi et al 2003; Less et al 2006; Nixon et al., 2011), 
although both volcanic provinces have generally occurred in the same 
period. However, the more evolved acidic volcanic rocks (rhyolite, trachyte 
and ignimbrite) on the TVP are commonly concentrated in the central part of 
the edifice while the less evolved basaltic rocks are distributed along its  
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margins and meantime followed collapse caldera in the central parts as well 
(Fig. 9.1b). 
 
In general terms, some of dykes were injected from the central part of the 
deeper magma reservoir seems to be deflected into initial sill within the 
uppermost crust, due to abrupt changes in the mechanical properties of the 
crustal rocks and thereby generate potential magma chamber as previously 
stated. Whereas some less evolved dykes could be propagated directly to 
the surface and feeding eruption. Field observations and the numerical 
model results are generally agreed with this assumption, where basaltic 
magma (scoria cones) can be observed around the periphery of the volcanic 
edifice while more evolved (rhyolite and ignimbrite) as well as some basalt 
are present mainly in the central part. In fact, similar this distribution is well 
known and documented in other volcanic edifices, such as Ağrı Dağı 
volcanic field, eastern Turkey (Karaoğlu et al., 2017).  
 
Several of central volcanoes (composite volcanoes) and collapse calderas at 
the TVP are poorly documented and understood, particularly regarding of 
their relationship to volcano-tectonic forcing. These volcanisms seem to be 
superimposed on the two preferential regional pre-existing lineaments where 
the central volcanoes (Yega, Oye and Toom) are well- developed along NE–
SW trend (Deneil et al., 2015), while the collapse calderas (Voon, Emi 
Koussi and Yirrigue) are roughly alignment along NW–SE direction (Fig. 
9.1b). We thus made here two sets of numerical models in order to better 
understand the mechanism and volcano-tectonic process that led to form 
these constructive (8–5Ma) and followed by  destructive (7–5 Ma to 0.43 Ma) 
volcanic units respectively. The results of the first suite numerical models 
indicate that the local stress fields around magma chamber and on the free 
surface due to excess magmatic pressure p
0
 or regional stress field are 
likely to encourage only the emplacement of dykes or inclined sheets and 
produced commonly small range in eruptive volume most commonly being 
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between 0.01 km3 and 0.1 km3 (Karaoğlu et al., 2005; Gudmundsson, 2016). 
In addition, it is well-known that the geometry and size of magma chamber 
change considerably during its evolution and consequently the local stress 
field (Gudmundsson, 1998). Thus the cross-cutting between sheets at the 
Tieroko extinct central volcano is controlled by in situ stress field around 
chamber rather than regional stress field.   
 
 
 
 
 
 
 
 
 
 
Figure 9.11. a) . Model outline showing ellipse (sill-like) magma chamber a top 
at 7 km, wide  14  km,  and thickness 2 km in  homogeneous crust with 
average young’s modulus 40 GPa, 35 km thick and 50 km wide, subject to 
compressive stress, 
ep  10 MPa, at the lower crust due to an accumulation of 
magma. b) The result of modelling showing the magnitude of the maximum 
principal tensile stress
3 . c) Graph exhibiting the maximum principal tensile 
stress 
3  at the upper boundary of the magma chamber. d) Graph showing 
the maximum principal tensile stress 
3  at the free surface.   
In contrast, the other models suite considered the effect of doming at the 
lower crust due to an accumulation of magma. The results of the second 
suite of models indicate that the doming at the lower crust might have 
extensive effects on the associated local stress fields that may have acted in 
harmony to encourage initiation ring-faults at surface or at the shallow depth 
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as well as injection of ring-dykes from the lateral ends of the chamber and 
then led to produce sometimes huge volume eruptions as much as  100 km3 
as occurred and observed on the TVP.  
 
9.6.2 Caldera collapse and generated new magma-chamber 
 
The rough elliptical surface expressions of scoria cones on the TVP may be 
taken as an indication of an elliptical geometry of the magma reservoir 
beneath this volcanic region, to a first approximation (Fig. 9.13a). It follows 
from the observations that volcanic fields and volcanic systems tend to 
reflect the plan-view geometries of the source reservoirs (Gudmundsson, 
2000). Hence, the long axis of the deeper reservoir would be roughly 365 km 
while its short axis crudely 193 km (Fig. 9.13a).  For comparison, the long 
axis of collapse calderas at the TVP is around 12-16 km (Table 9.1). Thus 
the doming area at the lower crust is very much larger than the crustal 
magma chamber and most likely played a significant role to form collapse 
caldera (Williams and McBirney, 1979; Lipman, 1984; Komuro, 1986, Marti 
and Gudmundsson, 2000).  
 
The late Miocene uplift in the whole western part of the Sirt Basin, central 
Libya, is well provided by the burial history of oil wells (QQQ1-11; aa1-11), 
situated at the western margin of the Sirt Basin (Gumati and Schamel, 1988; 
Abadi et al., 2008). Also, the high degree of thermal maturity of shallow 
sediments inferred that more than one kilometre (probably several) of a 
sedimentary sequence was uplifted and eroded during the late Miocene in 
the whole western part of the Sirt Basin (Gumati and Schamel, 1988; Abadi 
et al., 2008). This regional uplift seems to be impacted on the whole Tibesti – 
Gharyan volcanic provinces. As a result undoubtedly the crustal doming 
during the end of Miocene and increased melt migration into the magma 
reservoirs beneath most of the Tibesti – Gharyan volcanic provinces in 
general and the TVP in particular might have led to elongated magma 
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reservoirs in the vertical section and accumulation of magma at the crust-
mantle boundary. Therefore, the magmatic excess pressure in the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.12. a) Same model setup, loading and boundary conditions as in Fig. 
11a. a) The result of modelling showing the magnitude of the von Mises shear 
stress  around magma chamber and at the free surface in Mega-pascal. b) 
Graph showing the von Mises shear stress  at the upper boundary of the 
magma chamber.  c) Graph showing the von Mises shear stress  at the free 
surface.  
 
magma reservoir at the crust-mantle boundary may have caused crustal 
doming of the hosting the three major collapse calderas. Accordingly, the 
collapse calderas on the TVP can be investigated in the light of the 
conceptual model is given by Marti and Gudmundsson (2000). This model 
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has provided how and under what stress condition overlapping collapse 
calderas generated by magma migration. In addition, this model is applicable 
for explaining magma chamber migration in regions where plate or continent 
is very slowly drifting such as African plate (i.e. Burke 1996; Begg et al., 
2009), because bending tensile stress 
3  controls the location of dyke 
injection frequently for a significant period rather than a fast drifting plate.  
 
  As a result of magma accumulation at the bottom of the crust, the central 
part of the crustal segment hosting the collapse calderas are subject to 
compressive stress while the lateral ends are subject to tensile stress (Fig. 
9.13b). Hence the compressive stress, above the central deeper magma 
reservoir, might be difficult for dyke to penetrate and replenish the old 
shallow magma chamber (cf. Marti and Gudmundsson, 2000). By contrast, 
the tensile stress 
3  on the lateral sides of the deeper magma reservoirs is 
likely to encourage repeatedly dyke injection. Each individual collapse 
caldera on the TVP appears to be formed at the end of each cycle. Once the 
magma chamber full-grown (more evolved) and when it has assembled large 
volume of ignimbrite magma (gas-rich magma), the tectonic-volcanic forcing 
(slip of the ring-faults) may be led to the subsidence roof of the associated 
felsic magma chamber and produce huge eruptive materials (ignimbrites). 
Meanwhile, the tensile stress 
3   in the lower crust is most likely favourable 
frequently dyke emplacement and new magma chamber formation to either 
side of the old magma chamber and hence magma chamber migration rather 
than replenishment of the old magma chamber (cf. Marti and Gudmundsson, 
2000). The migration of the magma chamber on the TVP inferred from field-
relations and geochronological data (Deniel et al., 2015) (Fig. 9.13b).  
 
The first caldera collapse (Voon caldera) occurred at the end of Miocene (7-
5Ma) that may be simultaneous with the first volcanic phase at the Al Haruj 
Volcanic Province (AHVP) (7–3.5 Ma) (Less et al., 2006, Bardintzeff et al ., 
2012). Furthermore, the local stress field around the deeper magma 
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reservoir, following the Voon caldera collapse existed, might be difficult and 
infrequently for dykes to feed the Voon chamber (old chamber)  while the 
stress field is 
 
 
 
 
 
 
 
Figure 9.13. a) Simplified geological map of the TVP showing areal 
distribution of scoria cones (red spots) (7-0.43 Ma) that may be used to 
roughly estimate the dimensions of   deeper magma reservoir. b) Conceptual 
model illustration the mechanism of overlapping collapse calderas and 
generated new magma chamber, is given by Marti and Gudmudsson (2000). 
This prediction model seems to be fit with the mechanism of collapse 
calderas at The TVP. The compressive stress above the deeper magma 
reservoir is making difficult for dyke piercing to feed Voon magma chamber 
while tensile stresses on the lateral ends of deeper magma reservoir are most 
likely suitable to encourage frequently dykes to form Emi Koussi magma 
chamber within uppermost crust at the right lateral margin at the SW of the 
TVP. After the destruction of Emi Koussi magma chamber, the local stress 
field may have suitable to form the third new magma chamber (Yirrigue 
magma chamber) at the lateral left end, at the NE of the TVP, a  is the radius 
width of the deeper magma reservoir and h  is the depth of the crust (modified 
from Marti and Gudmudsson, 2000). 
 
suitable to frequently injection of dykes from margins of the deeper reservoir. 
Thus the new magma chamber may be created in the NW part of the TVP 
(Emi Koussi caldera, 2.4–1.3 Ma) (Figs. 9.2, 9.13b). This new magma 
chamber seems to be taken around 2.5 Ma based on the available 
geochronological data (Deneil et al., 2015). This period appears 
overestimate to form acidic magma from primitive magma (cf. Marti and 
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Gudmundsson, 2000). Subsequently, however, after the collapse of the 
second magma chamber, the new third magma chamber (Yirrigue caldera, 
0.43 Ma) may be formed at the northwestern part of the TVP which spent 
around 1 Ma to form the rhyolitic magma from primitive magma. This period 
may be more reasonable to form acidic magma chamber (cf. Marti and 
Gudmundsson, 2000). It is important to note that the basaltic and mixing 
magmas were usually followed each collapse caldera that might have 
derived from the floor of the former destructive shallow magma chamber as 
compartment such as magma mixing and mingling (andesitic- trachyte) of 
Tousside volcanic complex (100 ka) followed the last caldera collapse 
(Yirrigue caldera, 0.43 Ma) or through infrequently dykes injected from 
deeper magma reservoir that may be unusual to overcome the unfavourable 
compressive local stress field. Most of the basaltic lavas are distributed along 
rims of calderas (e.g., Fig. 9.10a) due to most likely basaltic magma used 
pre-existing ring-faults/ring-dykes as conduits (cf. Browning and 
Gudmundsson, 2015; Elshaafi and Gudmundsson, 2016).  
 
Acknowledgements 
 
We are grateful to the Libyan Ministry of Higher Education for financial 
support.  
 
References 
Abadi, A., van Wees, J., van Dijk, P., Cloetingh, S., 2008. Tectonics and 
subsidence evolution of the Sirt Basin, Libya. AAPG Bulletin, 
92, 993-1027. 
Abdunaser, K., McCaffrey, K., 2014. Rift architecture and evolution: the 
Sirt Basin, Libya: the influence of basement fabrics and 
oblique tectonics. Journal of African Earth Sciences, 100, 
203–226. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
292 
 
Acocella, V., 2007. Understanding caldera structure and development: 
and overview of analogue models compared to natural 
calderas. Earth-Science Reviews, 85, 125–160. 
Acocella, V., Funiciello, R., Marotta, E., Orsi, G., de Vita, S. 2004. The 
role of extensional structures in experimental calderas and 
resurgence. Journal of Volcanology and Geothermal 
Research, 129, 199–217. 
Ade-Hall, M., Reynolds, H., Dagley, P., Musset, G., Hubbard, B.,  
Klitzsch, E. 1974. Geophysical studies of North African 
Cenozoic volcanic areas Al Haruj Al– Assuad, Libya. 
Canadian Journal of Earth Science, 11, 998-1006. 
Amadei, B., Stephansson, O., 1997. Rock Stress and its Measurement. 
Chapman & Hall, London. 
Andrew, R., Gudmundsson, A., 2007. Distribution, structure, and 
formation of Holocene lava shields in Iceland. Journal of 
Volcanology and Geothermal Research, 168, 137–154. 
doi:10.1016/j.jvolgeores.2007.08.011. 
Andrew, R., Gudmundsson, A., 2008. Volcanoes as elastic inclusions: 
Their effects on the propagation of dykes, volcanic fissures, 
and volcanic zones in Iceland. Journal of Volcanology and 
Geothermal Research,  177, 1045–1054. 
Bardintzeff, J., Deniel, H. Guillou, B. Platevoet, P. Télouk, Oun, K., 2012.  
Miocene to recent alkaline volcanism between Al Haruj and 
Waw an Namous (southern Libya) Int. Journal of African Earth 
Sciences, 101, 1047–1063.  
Barnett, Z., Gudmundsson, A. 2014. Numerical modelling of dykes 
deflected into sills to form a magma chamber. Journal of 
Volcanology and Geothermal Research 281, 1–11. 
Begg, G. Griffin, W., Natapov, L.,  O’Reilly, S., Grand, S., O’Neill, C., 
Hronsky, J., Djomani, Y., Swain, C., Deen, T., Bowden, P., 
2009. The lithospheric architecture of Africa: Seismic 
tomography, mantle petrology, and tectonic evolution. 
Geosphere, Geological Society of America. 5 23–50. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
293 
 
Browning, J., Gudmundsson, A., 2015. Caldera faults capture and deflect 
inclined sheets: an alternative mechanism of ring dike 
formation. Bulletin of Volcanology, 77: 4DOI 10.1007/s00445-
014-0889-4. 
Browning, J., Meredith, P., Gudmundsson, A. 20016. Cooling-dominated 
cracking in thermally stressed volcanic rocks. Geophysical 
Research Letters 43, doi:10.1002/2016GL070532  
Burke, K., 1996. The African plate, South African. The Journal of 
Geology. 99, 341–409. 
Burov, E., Guillou-Frottier, L., 1999. Thermomechanical behaviour of 
large ash flow calderas. Journal of Geophysical Research, 
104, 23081–23109. 
Busrewil, M. Oun, K., 1991. Geochemistry of the Tertiary alkaline rocks of 
Jabal al Hasawinah, west central Libya. Third Symposium on 
the Geology of Libya, (eds. M.J. Salem and M.T. Busrewiland 
A.M. Ben Ashour), Elsevier, Amsterdam, 7, 2587–2598. 
Chen N., Dong J. Chen,  J., Dong C., Shen, Z., 2014. Geometry and 
emplacement of the Late Cretaceous mafic dyke swarms on 
the islands in Zhejiang Province, Southeast China: Insights 
from high-resolution satellite images, Journal of Asian Earth 
Sciences, 7, 302–311. 
Cole, J., Milner, D., Spinks, K. 2005. Calderas and caldera structures: a 
review. Earth-Science Reviews, 69, 1-26. 
Cloetingh, S., Van Wees, J., 2005. Strength reversal in Europe’s 
intraplate lithosphere: Transition from basin inversion to 
lithospheric folding: Geology, 33, 285–288. 
Deb, D.,2009. Finite Elment Method, (Concepts and Applications in 
Geomchanics). New Delhi. 2nd edition, p. 269. 
Deniel, C., Vincent, P.,  Beauvilain, A., Gourgaud, A. 2015. The Cenozoic 
volcanic province of Tibesti (Sahara of Chad): major units, 
chronology, and structural features. Bulletin of Volcanology.  
Drury, S., 2001. Image Interpretation in Geology. Blackwell Science, 
Nelson Thornes, UK, p. 290. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
294 
 
Ebinger, C., Sleep N.1998. Cenozoic magmatism throughout East Africa 
resulting from impact of a single plume. Nature, 395, 1788–
1791. 
El–Makhrouf, A. 1988. Tectonic interpretation of Jabal Eghei area and its 
regional application to Tibesti orogenic belt, South Central 
Libya. Journal of African Earth Sciences, 7. 945–967. 
Elshaafi, A., Gudmundsson, A., 2016. Volcano-tectonics of the Al Haruj 
Volcanic Province, Central Libya, Journal of Volcanology and 
Geothermal Research.  325, 189–202.  
Elshaafi, A., Gudmundsson, A., 2017. Distribution and size of lava shields 
on the Al Haruj al Aswad and the Al Haruj al Abyad Volcanic 
Systems, Central Libya (accepted), Journal of Volcanology 
and Geothermal Research. 
Folch, A., Marti, J., 2004. Geometrical and mechanical constraints on the 
formation of ring-fault calderas. Earth and Planetary Science 
Letters, 221, 215–225. 
Francis, P., 1993. Volcanoes: a Planetary Perspective. Oxford University 
Press, Oxford. 
Lipman, P.W. 2000. Calderas. In: Sigurdsson, H. (ed) Encyclopedia of 
Volcanoes. Academic Press, San Francisco, 643–662. 
Gautneb, H., Gudmundsson, A., Oskarsson, N., 1989. Structure, 
petrochemistry, and evolution of a sheet swarm in an Icelandic 
central volcano. Geological Magazine, 126, 659-673. 
Ghanoush, H., Imber, J., McCaffrey, K., 2014. Cenozoic Subsidence and 
Lithospheric Stretching Deformation of the Ajdabiya Trough 
Area, Northeast Sirt Basin, Libya. AAPG 2014 Annual 
Convention and Exhibition, Houston, Texas. 
Goudarzi, G., 1980. Structure – Libya. In : The Geology of Libya (eds.) 
Salem, M. J., and Busrewil, M. T., London Academic press, 3, 
879– 892. 
Gourgaud, A. Vincent, P. 2004.  Petrology of two continental alkaline 
intraplate series at Emi Koussi volcano, Tibesti, Chad. Journal 
of Volcanology and Geothermal Research, 129, 261–290. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
295 
 
Gray, J., Monaghan, J., 2004. Numerical modelling of stress fields and 
fracture around magma chambers. Journal of Volcanology 
and Geothermal Research, 135, 259–283. 
Gudmundsson, A.,1990. Emplacement of dikes, sills, and crustal magma 
chambers at divergent plate boundaries. Tectonophysics, 176, 
257–275. 
Gudmudsson, A., Marti, J., Elisenda, T., 1997. Stresses fields generating 
ring faults in volcanoes. Geophysical Research Letters, 24, 
1559–1562. 
Gudmundsson, A., 1998. Formation and development of normal-fault 
calderas and the initiation of large explosive eruptions. Bulletin 
of Volcanology, 60, 160–170. 
Gudmundsson, A., 2000. Dynamics of volcanic systems in Iceland: 
example of tectonism and volcanism at juxtaposed hot spot 
and mid-ocean ridge systems. Annual Review of Earth and 
Planetary Sciences, 28, 107–140. 
Gudmundsson, A., 2007. Conceptual and numerical models of ring-fault 
formation. Journal of Volcanology and Geothermal Research, 
164, 142–160. 
Gudmundsson, A., 2008. Magma-chamber geometry, fluid transport, local 
stresses, and rock behaviour during collapse-caldera 
formation. In: Gottsmann, J., Marti, J. (Eds.), Caldera 
Volcanism: Analysis, Modelling and Response. Developments 
in Volcanology,10. Elsevier, Amsterdam, p. 313–349. 
Gudmundsson A., 2011. Rock fractures in geological processes. 
Cambridge University Press, Cambridge. doi: 10.1017/ 
CBO9780511975684. p. 592. 
Gudmundsson, A., 2012. Magma chambers: formation, local stresses, 
excess pressures, and  compartments. Journal of 
Volcanology and Geothermal Research , 237–238: 19–41. 
Gudmundsson, A., 2014. Elastic energy release in great earthquakes and 
eruptions. Frontiers in Earth Science. 1–11.  doi: 
10.3389/feart.2014.00010. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
296 
 
Gudmundsson, A.,  2015. Collapse-driven large eruptions. Journal of 
Volcanology and Geothermal Research, 304, 1–10. 
Gudmundsson, A., 2016. The mechanics of large eruptions. Earth-
Science Reviews, 163, 72–93. 
Gudmundsson, A., Nilsen, K. 2006. Ring faults in composite volcanoes: 
structures, models, and stress fields associated with their 
formation. In: De Natale, G., Kilburn, C., Troise, C. (eds), 
Mechanisms of Activity and Unrest at Large Calderas. 
Geological Society London Special Publications, 269, p. 83-
108. 
Gumati, Y., Schamel, S., 1988. Therma maturation history of the Sirte 
Basin, Libya: Journal of Petroleum Geology, 11, 205–218. 
Haimson, B. Rummel, F., 1982. Hydrofracturing stress measurements in 
the Iceland research drilling project drill hole at Reydarfjordur, 
Iceland. Journal of Geophysical Research, 87, 6631–6649. 
Henk, A., Fischer, K., Kromuller, K., Wanger, D., Winter, I., 
2013.Prediction of Tectonic Stresses and Fracture Networks 
with Geomechanical Reservoir Models. DGMK-Research 
Report 721. German Society for Petroleum and Coal Science 
and Technology, p. 216. 
Hickey, J., Gottsmann, J., 2014. Benchmarking and developing numerical 
Finite Element models of volcanic deformation. Journal of 
Volcanology and Geothermal Research, 280, 126–130. 
Kanamori, H., 1977. The energy release in great earthquakes. Journal of 
Geophysical Research, 82, 2981–2987. 
Kanamori, H., Anderson, D., 1975. Theoretical basis for some empirical 
relations in seismology. Bulletin of the Seismological Society 
of America, 65, 1073-1095. 
Karaoğlu, Ö. Özdemir, Y., Tolluoğlu, AÜ., Karabıyıkoğlu, M., Köse, O., 
Froger, JL. 2005. Stratigraphy of the volcanic products around 
Nemrut Caldera: implications for reconstruction of the Caldera 
Formation. Turkish Journal of Earth Sciences, 14, 123–143. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
297 
 
Karaoğlu, Ö., Browning,  J., Bazargan, M., Gudmundsson, A.. 2016.  
Numerical modelling of  triple-junction tectonics at Karlıova, 
Eastern Turkey, with implications for regional  magma 
transport. Earth and Planetary Science Letters, 452, 152–170. 
Karaoğlu, O. Elshaafi, A., Salah, M., Browning, J., Gudmundsson, A., 
2017. Large-volume lava flows fed by a deep magmatic 
reservoir atAğrı Dağı (Ararat) volcano, Eastern Turkey. 
Bulletin of Volcanology. 1–16.   
Keppie, J., Dostal, J., Murphy, J., 2011. Complex geometry of the 
Cenozoic magma plumbing system in the central Sahara, NW 
Africa. International Geology Review. 53, 1576-1592. 
Klitzch, E., 2000. The structural development of the Murzuq and Kufra 
basins significance for oil and mineral exploration, In: Sola, M. 
A. and Worsley, D. (Ed.). Geological exploration of the Murzuq 
basin. Elsevier, Amsterdam, 143-150.  
Komuro, H., 1986. Experiments on cauldron formation: a polygonal 
cauldron and ring fractures. Journal of Volcanology and 
Geothermal Research. 31, 139–149. 
Krassilnikov, S., Head, W., 2004. Calderas on Venus and Earth: 
comparison and models of formation. Lunar and Planetary 
Science, 35, 1531. 
Kusumoto, S., Geshi, N., Gudmundsson, A., 2013. Aspect ratios and 
magma overpressures of non-feeder dikes observed in the 
Miyake-jima volcano (Japan), and fracture toughness of its 
upper part. Geophysical Research Letters, 40, 1–5, 
http://dx.doi.org/10.1002/grl.50284. 
Less, G., Turki, S. , Suwesi, S., Peregi, L. , Koloszar, L., Kalmar, J., 
Sherif, K., Csaszar, G., Gulasci, Z., Dalum, H., Al Tajuri, A., 
2006. Explanatory Booklet. Geological Map of Libya 1 : 
250.000. Sheet :  Waw Al Kabir NG 33- 12. Industrial 
Research Centre, p. 295. 
Liégeois J., Benhallou, A., Azzouni-Sekkal, A., Yahiaoui, R., Bonin, B. 
2005. The Hoggar swell and volcanism: reactivation of the 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
298 
 
Precambrian Tuareg shield during Alpine convergence and 
West African Cenozoic volcanism. In: Foulger GR, Natland 
JH, Presnall DC, Anderson DL (eds) Plates, Plumes, and 
Paradigms, Special Papers - Geological Society of America, 
388, 379–400. 
Lipman, P. 1984. The roots of ash flow calderas in western North 
America: windows into the tops of granitic batholiths. Journal 
of Geophysical Research, 89, 8801–8841. 
Malin, M. 1977. Comparison of volcanic features of Elysium (Mars) and 
Tibesti (Earth). Geological Society of America Bulletin, 88, 
908–919. 
Marti, J., Ablay, G., Reshaw, T., Sparks, J. 1994. Experimental studies of 
collapse calderas. Geological Society, London, Special 
Publications, 151, 919–929. 
Marti, J., Gudmundsson, A. 2000. The Las CanÄadas caldera (Tenerife, 
Canary Islands): an overlapping collapse caldera generated 
by magma-chamber migration.  Journal of Volcanology and 
Geothermal Research, 103, 161–173. 
Mohamed, M., 2014. Composition and age of Cenozoic volcanism in 
Libya. PhD thesis. University of Glasgow. Glasgow Theses 
Service. 
Newhall, C., Dzurisin, D., 1988. Historical Unrest of Large Calderas of the 
World. U.S. Geological Survey Bulletin, 2, p. 1108.  
Nixon, S., Maclennan, J., White, N., 2011. Intra-plate magmatism of the 
Al Haruj Volcanic Field, Libya. Goldschmidt Conference 
Abstracts. 
Peregi, Z., Less, G., Konrad, G., Fodor, L., Gulacsi, Z., Gyalog, L., Turki, 
S., Suwesi, S., Sherif, Kh., Dalub, H., 2003. Explanatory 
Booklet. Geological Map of Libya 1: 250.000. Sheet: Al Haruj 
Al Abyad NG 33-8. Industrial Research Centre, Tripoli, p. 248. 
Permenter, J., Oppenheimer, C.2007.  Volcanoes of the Tibesti massif 
(Chad, northern Africa). Bulletin of Volcanology,  69, 609–626. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
299 
 
Radebaugh, J., Keszthelyi, L.P., McEwen, A.S., Turtle, E.P., Jaeger, W., 
Milazzo, M., 2001. Paterae on Io: a new type of volcanic 
caldera? Journal of Geophysical Research, 106, 33005-
33020. 
Radivojević, M., Toljić, M., Turki, S., Bojić, Z., Šarić, K., Cvetković, V., 
2015.  Neogene to Quaternary basalts of the Jabal Eghei 
(Nuqay) area (south Libya): Two distinct volcanic events or 
continuous volcanism with gradual shift in magma 
composition? Journal of Volcanology and Geothermal 
Research, 293, 57–74. 
Rajesh, M., 2004. Application of remote sensing and GIS in mineral 
resource mapping an overview. Journal of Mineralogical and 
Petrological Sciences, 99, 83–103. 
Schäfer K, Kraft K., Häusler, H., Erdmann, J. 1980. In situ stresses and 
palaeostresses in Libya. In: Salem MJ, Busrewil MT (eds) The 
geology of Libya. Academic Press, London, 3, 907–922. 
Scholz, C., 1990. The Mechanics of Earthquakes and Faulting. 
Cambridge University Press, Cambridge. 
Tibaldi, A., 2015. Structure of volcano plumbing systems: A review of 
multi-parametric effects. Journal of Volcanology and 
Geothermal Research, 298, 85–135. 
http://dx.doi.org/10.1016/j.jvolgeores.2015.03.023. 
 Upton, B., 2004. Volcanoes and the Making of Scotland. Dunedin Acad. 
Press, Edinburgh. 
Vail, J., 1971. Dikes swarms and volcanic activity in Northeastern Africa. 
In : (ed.) Gray, C. Faculty of Science University of Libya, 
Tripoli. 341– 47.  
Vincent, P. 1960. Dynamismes et structures des volcans rhyolitiques du 
Tibesti occidental et central. Rev Geogr Phys Geol 2, 229–
237. 
Vincent, P.1963. Les volcans tertiaires et quaternaires du Tibesti 
occidental et central (Sahara du Tchad). Mémoires BRGM 23. 
Thesis 1st part, University of Paris. 
Chapter 9: Central volcanoes and caldera collapses at the late Miocene – late Pleistocene 
Tibesti Volcanic Province, NW Chad 
 
300 
 
Vincent P. 1970.  The evolution of the Tibesti volcanic province, eastern 
Sahara. In: Clifford TN, Gass IG (eds) African magmatism and 
tectonics. Oliver and Boyd, Edinburgh, 301–319. 
Wacrenier P, Hudeley H, Vincent P. 1958. Notice explicative de la carte 
géologique provisoire du Borkou-Ennedi-Tibesti au 
1:1,000,000e. Direction des mines et de la géologie AEF, 
Brazaville. 
Walker, G., 1984. Down sag calderas, ring faults, caldera sizes, and 
incremental caldera growth. Journal of Geophysical Research, 
89, 8407–8416. 
Wienecke, S., Stadtler, C., 2014. Asep+d method: identifying anomalous 
areas of the earth's lower crust, Publication number EP 
2791713 A1, Patents. 
Williams, H., McBirney, A., 1979. Volcanology. W.H. Freeman, New York. 
Wilson, M.,  Guiraud., R., 1998. Late Permian to Recent magmatic 
activity on the African-Arabian margin of Tethys, in D. S. 
Macgregor, R. T. J. Moody, and D. D. Clark-Lowes, eds., 
Petroleum geology of North Africa: Geological Society 
(London) Special Publication, 132, 231–263. 
Woller, F., Fediuk, F. 1980. Volcanic rocks of Jabal as Sawda. In: Salem, 
M.J., Busrewil,M.T. (Eds.), The Geology of Libya III. Academic 
Press, London, 3 1081–1093. 
Chapter 10: Discussion   and critical evaluation  
 
301 
 
Chapter 10: Discussion and critical evaluation  
 
10.1 Evaluation the pre-existing fracture zones and magmatic 
overpressure 
 
Although considerable attention has been focused on the AHVP in the last 
few decades (e.g., Busrewil and Wadsworth, 1980; Busrewil and Suwesi, 
1993;   Peregi et al., 2003; Less et al., 2006; Cvetkovic et al., 2010, Nixon et 
al., 2011; Bardintzeff et al., 2012; Busrewil, 2012; Mohamed, 2014), the 
volcano-tectonic aspects along with mechanism of lava flow fields 
emplacement are still poorly documented and understood. Some studies, 
however, of the Al Haruj Volcanic Province (AHVP) have suggested the 
magma migrated partly along crustal fractures (e.g., Klitzsch, 2000; Less et 
al., 2006) but the exact process of magma channelling along such weakness 
has not been evaluated. In chapter 5 (Elshaafi and Gudmundsson, 2016) we 
have offered the first detailed volcano-tectonics study in this region for 
constraining why and how magma reaches the surface in the AHVP, and 
what is the relation between the volcanic activity in AHVP and the tectonic 
activity in the nearby Sirt Basin.  
 
It is well known that pre-existing fractures can significantly influence magma 
propagation where dykes use partly pre-existing structures, primarily joints 
but sometimes high-angle (primarily normal) faults, to form their paths 
(Delaney et al., 1986; Valentine and Krogh, 2006; Bedard et al., 2012; 
Schofield et al., 2012; Magee et al., 2013; McClay et al., 2013;; Tibaldi, 2015; 
Browning and Gudmundsson, 2015, Maccaferri et a., 2014; 2015).  For 
example, late Cretaceous basaltic rocks within the Nubain clastics in Al 
Hameimat trough, NE Sirt Basin, were firmly controlled by pre-existing 
extensional faults that most likely have used high angle normal faults as 
magma paths (Busrewil et al., 2012). In addition, McClay et al. (2013) 
inferred from two-dimensional and three-dimensional well-images seismic 
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data in the Carnarvon Basin, NW Shelf, Australia, that some dykes partly 
used the pre-existing Jurassic – early Cretaceous extensional faults as 
channels where normal faults are strongly controlled on the morphologies of 
the dykes in this rifting basin. We considered the interaction between a 
mechanically fault and a propagating dyke using numerical approach where 
the fault zone modelled as stiff core and soft damage subzones on either 
side of the core. Our results infer that steeply normal dipping faults may 
capture propagating dykes of a while and perform as parts of their paths in 
the uppermost of the Earth’s crust. Field observations generally confirm this 
conclusion where alignments eruptive vents or row cones show the 
dominating strike of volcanic fissures/feeder-dykes as the WNW–ESE to 
NW–SE, coinciding with the orientation of one of main fracture/fault zones in 
the Sirt Basin.  
 
The magmatic overpressure along the dyke is inversely proportional to 
Young’s modulus and the strike dimension of dyke while it is directly 
proportional to the width or thickness of dyke (cf. Gudmundsson, 1990). In 
fact, the thickness and magmatic overpressure is lesser close to the 
causative source than at the surface of the Earth’s crust. Therefore, the 
strike dimension of dyke appears to increase with depth in the crust in order 
to maintain the volume rate of magma flow at the lower portion of the dyke 
equal to that in the upper portion (Fig. 10.1) (White, 1974; Gudmundsson, 
1990; 2011). The strike dimension of dyke may thus be much longer at the 
top of the magma reservoir than at higher crustal levels (Fig. 10.1).  
 
The lack of subsurface data and deeply exposure areas at the AHVP makes 
difficultly in measuring thickness and length of dykes at depth. We, therefore, 
have taken average dyke (length/width) ratio at the surface to approximately 
estimate magmatic overpressure, assumed its constant along the length (dip 
dimension) of the dyke at any particular depth below the surface, at the time 
of formation of the dyke.  The maximum thickness of dyke is taken as the 
average measured thickness. The uncertainties or errors in our 
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measurements are estimated at 10 ±5% based on measured dimensions of 
some dykes and volcanic fissures in the field which were then compared with 
measurements from satellite imagery. The average dyke (length/thickness) 
ratio of 421 indicates approximately magmatic overpressures during the 
associated fissure eruptions of 8–19 MPa (depending on host-rock elastic 
properties). These results are very rational and similar to those obtained from 
basaltic dykes in other volcanic fields. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.1. Schematic diagram showing the strike dimension of dyke 
increases with depth in the crust while the thickness decreases. Dyke should 
be much longer at the top of the causative source than at the surface of the 
volcanic pile. The thickness of dyke is exaggerated much many times in order 
to explain the variation along the dip of dyke. Not to scale (modified from 
Gudmundsson, 1990).  
 
The percentage of feeder-dykes, however, is very low compared with 
arrested or deflected dykes (non-feeder dykes) at various levels within the 
Earth’s crust on basis of the seismological data in Hawaii (Chastin and Main, 
Chapter 10: Discussion   and critical evaluation  
 
304 
 
2003) and extensive field observations of eroded rift zones, such as in 
Iceland, where at any particular dyke swarm increases with depth below 
initial surface (Torfason, 1979; Gudmundsson and Philipp, 2006). The 
numerical approach used during this study to understand better how arrest or 
deflect of dyke can take place concerning the three main arrest mechanisms.  
 
10.2 Assessment the size and geometry of magma reservoirs  
 
Despite initially the AHVP appearing as a single volcanic system, based on 
the geographical-geomorphological criteria and the thickness of basaltic 
sequence to be composed of two different paleo-volcanic systems (e.g., 
Peregi et al., 2003). One of the results of Chapter 6 (Elshaafi and 
Gudmundsson, 2017) supports this division since the AHVP consists actually 
of double volcanic systems rather than single volcanic system based on the 
volcanoes density map. The density distribution of 432 monogenetic 
volcanoes in the AHVP plotted as eruption points. There are several key 
points of information which are included through the construction of the 
density eruptions map. The maxima values of eruption points density  do not 
exactly correspond to those with more dots (eruption points) owing to the 
point density map calculate the density of features around each output raster 
cell as the number of points that fall within a circular neighbourhood 
(Silverman, 1986). A neighbourhood is defined around each raster cell 
centre, and the cumulative number of points that fall within the 
neighbourhood is calculated and divided by the area of the neighbourhood 
(Silverman, 1986).  During this study, we assume that the radius of a circular 
neighbourhood is 40 km to highlight the crustal-scale distribution of eruption 
sites/monogenetic volcanoes, and output raster cell size of 1 km (Lesti et al., 
2008). Large values of radius either 40 km or 35 km produce a more 
generalised density raster and do not change effectively the calculated 
density values. Because of more points will fall inside the larger 
neighbourhood, and this number will be divided by a larger area when 
calculating the density. The main effect of a larger radius is that density is 
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calculated using a larger number of points. The absolute values for 
volcanoes for each class can be obtained by multiply density (km-2) for each 
bin in the area of a circular neighbourhood.  
 
The rough elliptical surface expression of the distribution of eruption points in 
the density map can be taken as an indication of an ellipsoidal geometry of 
the magma reservoirs beneath the AHVP. This conclusion derives from 
extensive field observations since volcanic systems tend to reveal the plan 
view geometries of the source magma reservoirs due to stress-concentration 
considerations (Gudmundsson, 2000, 2016). More specifically the density 
maps of the monogenetic volcanoes used to estimate the lateral cross-
sectional area of the associated source magma reservoirs. We do not have 
any other means of estimated the sizes or areas of the magma reservoirs 
since they have not generated large collapse calderas and detailed 
geophysical studies are lacking. The size distribution of the lava shields 
follows from the measurements made and relates to the volumes that the 
associated reservoirs are able to erupt. The term lava shield is used here so 
as to avoid confusion with larger polygenetic shield volcanoes (central 
volcanoes) in many regions such as and Galapagos and Hawaii.  
 
Comparison lava shields with the size distribution of similar volcanoes in 
other and much better known areas such as Iceland is to improve our 
understanding the volcanism in Libya. The coefficient of determination 
between AHVP and Iceland is very high and that the lava shields from 
Iceland and Libya have similar scaling laws, even if the Icelandic lava shields 
range more widely regarding of areas and volumes. These indicate 
similarities in eruptive mechanisms and aspect (volume/area) ratios. Simple 
model was used in the present study to estimate crudely volumes of lava 
shields, and the error involved in assuming the lava shields to be cone-
shaped takes into account that they are flat near the margins/edges and 
commonly much steeper near the centre – the cone part, but regard this 
approach as the most appropriate for the present study. 
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Basaltic volcanism in an ordinary poroelastic eruption commonly much less 
than 0.1% of the magma in a reservoir can flow out of it with the potential of 
forming dyke and a lava flow. Therefore, very much larger poroelastic 
reservoir is needed than the volumes of individual lava flows or lava shields 
(cf. Gudmundsson, 2016). Due to the much different sizes of the reservoirs 
the amount of magma derived from the northern part, Al Haruj al Aswad 
Volcanic System, is an order of a magnitude larger than that produced by the 
southern part, Al Haruj al Abyad Volcanic System (Fig. 10.2a). Because of 
uncertainty about individual volcanic eruptions in the AHVP, we have made 
two assumptions to estimate bulk volumes and thicknesses of magma 
reservoirs that supplied magma to the eruptions of the AHVP. The estimated 
areas and volumes of the reservoirs, however, are based on various 
mechanical simplifications and approximations and will doubtless have to be 
refined and worked out in greater detail in the light of seismic, 
magnetotelluric and gravity studies.  
 
The results of numerical approaches indicate that the maximum principal 
tensile stresses concentrate around the lateral ends of the magma reservoir 
after the gradually released of compressive stress at the bottom of crust 
owing to late Miocene uplifted. Hence the initial dykes for early lava shields 
are most likely injected from margins of magma reservoir rather than central 
parts (Fig. 10.2a). This conclusion is supported by the geographical 
distribution of the lava shields. There is a clear likelihood for late Miocene–
Pliocene lava shields to be situated near the peripherals of both volcanic 
systems, that is, roughly above the margins of the magma reservoirs. There 
are many examples around the world support this phenomenon such as lava 
shields in Iceland (Andrew and Gudmundsson, 2007).  
 
 We have also applied the same analytical and numerical techniques for 
estimating the volume of the magma reservoir supplying each individual 
basaltic volcanic eruption and association local stress field around source 
magma reservoir at Ağrı Dağı stratovolcano, Eastern Turkey (Appendix C).  
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We calculated the total injected materials for two of the most recent basaltic 
eruptions at this volcanic pile. The erupted materials of Lava flow I are 
around 3.2 km3 while the lava flow II is around 0.6 km3. Massive eruptions 
from the Ararat volcano complex potentially pose a risk to the population of 
Eastern Turkey and hence understanding these volcanic systems is 
important. 
 
It is abnormal for stratovolcanoes to produce large volume effusive eruptions 
without an element of local volcano-tectonic forcing (e.g., subsidence of 
collapse caldera and graben). Therefore, this study integrated different data 
(analytical, numerical models, seismic tomographic images along with some 
geochemical data) in order to better understanding the conditions that 
triggered the emplacement large two basaltic lava flows at Ağrı Dağı (Ararat) 
volcano in the absence of volcano-tectonic forcing. We propose two 
scenarios to clarify the difference in volume of two basaltic lava flows. One 
scenario is that the absolute reservoir volume decreased between the two 
eruptions. This is possible, but not very likely since the likely time between 
the eruptions is not very large in comparison with the lifetimes of large 
reservoirs. The second scenario includes reservoir compartments. Future 
field investigations will be needed to provide robust petrology and 
geochemistry for various volcanic flows. This study may be encouraging 
further research of this interesting stratovolcano particularly which is located 
near inhabitant area and consequently may raise a significant risk as already 
mentioned.   
 
10.3 Mechanical interaction due to magma reservoir, their effects on 
propagation of fractures 
 
The magma reservoirs in the upper mantle, at its contact with the crust, can 
live several million years or more. So that they are considered as 
concentrate stresses and hence the potential for mechanical or stress 
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interaction between the nearby magma reservoirs, particularly when located 
away from plate boundaries as in the Libya’s magmatism. New high-
resolution geochronology for the main volcanic provinces in Libya conclude 
that volcanism in Libya was to a degree simultaneous, that is, overlapped, 
during certain periods of time. Chapter 8 presents new data on volcanic 
eruption centres and combines this data with a suite of finite element 
numerical models in order  to infer the relative location of magma reservoirs 
and resultant stress concentration in Libyan territory. The spatial distributions 
of monogenetic volcanoes (lava shield, spatter cones, scoria cone and 
maars) within the four principal volcanic provinces of Libya are examined and 
presented on a density map (radius of a circular neighbouring 35 km). The 
results show that there are obviously six main volcanic clusters, each of 
which is regarded as a volcanic system. The magma reservoir beneath each 
volcanic system was assumed as totally molten, therefore, the Young’s 
modulus is zero and the inclusion reduces to a hole, when modelled as a 
two-dimensional and three-dimensional structure.  
 
The magma reservoirs assumed at around 35 km and that this depth 
corresponds roughly to the crust-mantle boundary in the central Libya 
(Ghanoush et al., 2014; Lemnifi et al., 2017). This depth also is largely 
consistent with many earthquakes that occurred in Libya during the past 
century have depths between 30 km and 35 km (Al-Heety, 2013) as well as 
fractional crystallization of the primitive magmas at the AHVP is also thought 
to have occurred at similar depths, namely in reservoirs at depths of 25-39 
km (Nixon et al., 2011). Numerical model results show strong stress 
interaction between the magma reservoirs. More specifically, stress 
concentration zones and trajectories of maximum compressive stress 
between nearby volcanic systems may encourage simultaneous volcanic and 
tectonic events, seismogenic faulting, and dyke sharing between volcanic 
systems. The model stress concentration zones agree well with the 
distribution of the major faults and more recent eruptions. Seismic events in 
Hun Graben (e.g. M7.1, on April/1935) area may have been related to dyke 
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propagation that eventually became arrested and thus did not result in an 
eruption. 
 
 Currently and first of its kind geophysical study in Libyan territory by Lemnifi 
et al. (2017) who have used receiver function constraints (RFs) from data 
obtained from recent available broadband seismic stations; fifteen seismic 
stations belonging to the Libyan Center for Remote Sensing and Space 
Science and three seismic stations publically. This study inferred that the 
observed high Vp/Vs (κ) ratios of 1.91 at one station located in the As Sawda 
Volcanic Province. It is indicated the presence of partial melt at the crust-
mantle boundary (≈35 km) (Lemnifi et al., 2017).  Additionally, modern age 
dating at the Al Haruj Volcanic province concludes that the volcanism in this 
region continued until recent time and magmatic differentiation took place at 
25-39 km (Nixon et al., 2011). If magma occupies beneath Libyan territory in 
reservoirs, as seen in the suite of numerical models during this study, then 
the volcanic systems may pose significant earthquakes and volcanic risks. 
Further geophysical studies are still needed in the future in order to obtain 
better constraints on the deep structure of the lithosphere beneath this 
region.   
 
10.4 Future volcano-tectonic activity 
 
The northernmost part of the AHVP seems to be very recent based on the 
latest precise age determinations along with excellent preservation of tumuli 
and lava rise plateaus (chapter 7). Thus it is likely that the AHVP has still the 
potential to erupt, that is, is still active. A major problem for the seismicity 
studies of Libya in the past decades was the absence of any extensive 
seismological network until 2005 at which time the first Libyan seismological 
network was established (Al-Heety, 2013). Lemnifi et al. (2017) have used 
data collection from 2005 to 2009 and that allowed deducing in much greater 
detail than has been possible before the depth of Moho in various parts of 
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Libya and the origin of the partial melt beneath central Libya as mentioned 
previously.  
 
However, information on historical earthquakes has been collected, and 
some of these recorded earthquakes may be associated with magmatism. 
For instance, earthquake swarms have been reordered in Hun Graben, with 
earthquake magnitudes >M7.1 in 1935 and > M6 in 1939, 1940, 2000 and 
2001, respectively (Hassen, 1983; Al-Heety, 2013).  In addition, the Gharyan 
area appears to be seismically active; a seismometer in the Gharyan region, 
southwest Tripoli, operated for six hours in 1977 and during this time 
recorded three moderate earthquakes (Kebeasy 1980; Suleiman and Doser, 
1995). Earthquake swarms in volcanic regions are commonly related to 
magma migration (Bagnardi, 2014) and could be so in these cases as well. 
Since the Hun Graben extends to the AHVP, the earthquake swarms, at 
least some of them, may be related to active magma migration beneath or 
close to the AHVP. Also, earthquakes on active faults are commonly 
triggered by high fluid pressure. If some of the faults are used as paths for 
magma in AHVP, the magmatic pressure along the faults would tend to 
trigger slip on the faults and earthquakes (cf. Bagnardi, 2014). It is well-
known that dyke-induced seismicity can be utilised to detect the location of 
the intrusion and assess whether the dyke is most likely to erupt in a certain 
region (Maccaferri et al., 2015). All these will become a well-established in 
the next years as the new seismic network in Libya collects more earthquake 
data. Meanwhile, it is not yet well defined; it appears likely that Libya 
volcanism at least in the central part is potentially volcanically and 
tectonically active.  
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10.5 Emplacement and inflation of lava flow field 
 
Detailed analyses of tumuli and lava rise plateaus using field observations, 
and remote sensing data provide an understanding mechanism 
emplacement of the Al-Halaq al Kabir lava flow field. Endogenous growth 
beneath insulating lava crust played a significant role in the emplacement of 
Holocene basaltic lava flows in central part of the AHVP.  Tumuli, lava rise 
plateaus, lava rise pits and inflation clefts were formed by this mechanism, 
display certain diagnostic characteristics that are an indication of their 
emplacement mode. These inflation structures largely vary in their shape and 
size through the distance from the vent system to middle and distal parts and 
seem to be mainly influenced by paleo-topography and the effusion rate as 
well as lavas composition. There are a number of preferred path ways 
recognised on the satellite imagery and in the field that may be used pre-
existing drainage pattern to drain out lava lakes.  
 
Few previous studies (e.g., Rossi, 1999; Glaze et al., 2005) have been used 
the spatial and temporal distribution of inflation features on lava flow surfaces 
in a statistical technique. Therefore, the statistical quantitative analyses are 
used in the present work to infer that the tumuli and lava rise plateaus  on the 
surface of the Al-Halaq al Kabir  clearly follow a power-law distribution, and 
there also are strong relationship between width (minimum diameter) and 
length (maximum  diameter) in plan-view of various tumuli and lava rise 
plateaus with correlation coefficient (R2) 0.70. In addition, scaling exponents 
results indcate that the lava inflation structures are likely to be influenced by 
pre-existing topographic together with effusion rate variability, and the result 
in distributions of tumuli and lava rise plateaus. The tumulus ridges seem to 
be controlled by pre-existing channels or valleys to form elongated tumuli as 
more stable distribution pathways developed whereas smaller lengths 
represent localised or stationary inflation. Tumuli and lava rise plateaus 
populations may be divided into subpopulations according to the abrupt 
change in the scaling exponents, ranging from D= 0.37 to 3.07 for tumuli and 
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ranging from D= 0.363 to 3.56 for lava rises. The spatial distributions of 
tumuli and lava rises can be linked to network of lava transport beneath an 
insulating crust (Glaze et al, 2005). 
  
Glaze et al. (2005) have utilised Poisson probability distribution in order to 
study the distribution in the space of tumuli and lava rise plateaus on lava 
flow fields in Hawaii, Iceland and on Mars in order to connect between these 
inflation structures and subsurface endogenous growth processes. They 
inferred that the spatial distributions of inflation features are systematically 
distributed in Iceland whereas randomly distributed in Hawaii and on Mars. 
The random distribution in the space, consistent with Poison probability 
distribution, may be generated due to random variations in paleo-topography 
or small-scale temporary preferred pathways, combined with very low slope. 
In contrast, the systematic distribution on the surface of lava flow field simply 
reflect permanent large-scale preferred pathways that led to establish 
distributary tube systems directly beneath broad lava flow for long-duration 
(Glaze, et al., 2005). Also the spatial distribution of tumuli and lava rise 
pleatus on the surface the Al-Halaq al Kabir flow filed is remarkably different 
from the Poisson distribution on the basis of Glaze, et al. (2005) procedure.  
There thus may be some systematic manner controlling their occurrence. 
Tumuli from AHVP are morphologically similar to some Icelandic flow-lobe 
tumuli, suggesting a similar mechanism of emplacement. The tumuli and lava 
rise plateaus in Iceland are strongly related to persistent preferred internal 
pathways that produced a systematic distribution of inflation features. Thus, 
the tumuli and lava rise plateaus on the surface of flow field in the AHVP are 
most likely correlated with preferred internal pathways that may be active at 
different times during the lava flow field emplacement.   
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Numerical and analytical results demonstrate that the potential tensile stress 
in the inflated upper crust is an order of a magnitude larger than the actual 
tensile strength of rocks (around 0.5-6 MPa) (Gudmundsson, 2011). Thus, 
the tensile strength of the lava crust is not high enough to resist the potential 
tensile stress during inflation process, so that the crust will fracture, as 
observed in the field and from satellite imagery. The viscoelastic crust is 
formed between upper crust and core molten zone and behaves as brittle  at 
800 - 1070oC (Hon et al., 1994) that most likely has the responsibility to keep 
lava inside during inflation processes. As mentioned above the AHVP might 
be still volcanically and seismically active. Consequently, it is of fundamental 
importance to understand the processes that give rise inflation structures on 
the AHVP. Such an understanding is essential condition for forecasting and 
may be applied for understanding remotely sensed observation of lava flows 
where Mars has large inflation strucutres on their surfaces that 
morphologically resemble those that exist today on the AHVP (cf. Glaze et 
al., 2005; De Wet et al., 2014).  
 
The duration to of the Al-Halaq al Kabir lava flow field might be taken  
several months or even years on the basis of the thickness of the upper 
vesicular crust of inflated pahohe flow lobes, observed in the field, 
particularly for large tumulus and lava rise plateau. If the eruption would have 
taken many years (or decades) so replenishment primitive magma into the 
deep-seated reservoir could partly contribute to maintaining its excess 
magmatic pressure at around 5 MPa inside magma reservoir during the 
eruption (cf. Gudmundsson, 2016). Long-lived volcanic eruptions may be 
correlated with ecologically catastrophic climate change due to extensive 
input of volatiles into atmosphere (e.g. Self et al., 1998; Wignall, 2001; 
Jahren, 2002). Emissions of CO2 might have induced considerable global 
warming and SO2 global cooling if developed over a short interval (Self and 
Thordarson, 1998; Olsen, 1999). For example, there is a considerable 
consistency between the great Siberian flood basalts with the Permian-
Triassic mass extinction event (Kamo et al., 2003; Pirajno, 2004; Vaillant et 
al., 2017). 
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There is apparent coincidence between the age of an initial volcanism in the 
AHVP and local fauna and flora local  extinctions in the As-Sahabi area, NE 
the Sirt Basin, during Messinian-Zanclean time (≈7 to 5 Ma) (Fig. 7.1) ( Boaz, 
2009 El-Shawaihdi et al., 2016). In addition, Hounslow et al., (2017) have 
recently concluded based on high-resolution chronology and 
magnetostratigraphy of the Neogene deposits in the Fezzan Basin, 
southwestern of the AHVP, that extremely aridity was taken place at Lake 
Megafezzan (a giant paleo-lake) after 11 Ma (late Miocene).  
 
 The linked between volcanism and a awful environmental impact  is still 
widely under debate  in the literature, for example, Burgess et al. (2017) 
have currently discussed new study published in Nature Communications in 
order to a new understanding of the role of volcanism in driving extinctions. 
They also have linked between Large Igneous Provinces (LIPs) and 
ecologically catastrophic climate, but they argue that the underground 
magma have triggered abrupt climate warming and mass extinction more 
effectively than an epic outpouring of lava.  Based on Burgess’s hypothesis, 
the thick sequence of sediments in the Sirt Basin (> 4 km) consists mainly of 
carbon-bearing rocks such as limestone and dolomite. When these 
carbonate rocks intruded by subvolcanic network of magmas that led to 
cooking those sediments as well as organic-rich sediments and subsequently 
largely liberates greenhouse gases (e.g., CO2 and CH4). Nevertheless, 
causes of fauna and flora local extinctions in Sirt Basin remain under debate 
and poorly understood.  Further researches in the AHVP and Libya’s 
volcanism at larger scale should be needed in the future to accurate quantify 
eruption durations and amount of volatile materials liberated during eruption 
e.g. using drilling core barrels and other techniques. Such data are also 
important for predict and assessment hazards of the AHVP. 
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10.6 Mechanics of caldera collapse and generated new magma 
chamber   
 
The variety of volcanic products along the Tibesti Volcanic Province (TVP) 
range from under-saturation basaltic rocks to over-saturation acidic rocks 
during the late Miocene up through the end of Pleistocene indicate that 
magma may be comparatively produced from double magma sources. By 
contrast, the various basaltic rocks of the AHVP from six volcanic phases are 
a strong genetic relationship and most likely derived from the common parent 
magma source at a crust-mantle boundary (Fig. 10.2). The volcano-tectonic 
aspects, eruptive styles and size of eruptive materials of the volcanic 
provinces contain shallow magma chambers, in addition to deep-seated 
magma reservoirs, which are more complicated than volcanic provinces have 
only deeply seated magma reservoirs.   
 
Field observations and numerical model results suggest that basaltic magma 
at the margins of the TVP may be injected from the deeper magma reservoir 
at the lower crust whilst the more evolved rhyolite and ignimbrite most likely 
were derived from shallow crustal magma chamber (Fig. 10.2b). Some 
basaltic lavas are concentrated along rims of the caldera that seem to be 
utilized the pre-existing ring-faults/ring-dykes as channels as already 
discussed in chapter 5 (Elshaafi and Gudmundsson, 2016).  The collapse 
calderas of the TVP are one of the most significant volcano-tectonic features 
and still poorly documented and understood due to a series of sporadic 
clashes and conflicts at Libyan – Chadian border for many decades. The 
present work was built-up on the comprehensive and concise division which 
was done by Deniel et al. (2015) who have classified the TVP into five main 
volcanic units based on detailed field relationships, volcanological, 
geochronological and petrological data. The cross-sectional area of the 
associated magma chamber at the TVP has been estimated from geometry 
of the collapse calderas (Marti et al., 1994; Marti and Gudmundsson, 2000;   
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Figure 10.2. Schematic illustrations show the main  volcano-tectonic aspects 
at the AHVP and TVP, respectively. a) The AHVP was fed only by deep-seated 
magma reservoirs at crust-mantle boundary. The bulk volume magma 
reservoir of the Al Haruj al Aswad volcanic system, northern portion, is larger 
than the Al Haruj al Abyad volcanic system, southern portion. Consequently, 
the much larger amount of injective materials was produced from the northern 
volcanic system than the southern volcanic system. The boundary between 
two volcanic systems is marked by older Eocene sedimentary rocks, 
indicated by purple colour. The initial dykes would be injected from the lateral 
ends of reservoir then gradually moved toward the central part alongside 
diminished lava production and more evolved basaltic magma. Some dykes 
may utilise high angle pre-existing faults partly of their paths in the 
uppermost of the crust. b) The variations of volcanic product at the TVP 
indicate that the magma may be comparatively produced from double magma 
sources rather than single magma reservoir as the AHVP although both these 
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volcanic provinces are contemporaneous from the late Miocene to 
Pleistocene and probably into Holocene. The simplified geological map at 
right corner shows the evolved acidic volcanic rocks that are mainly 
concentrated at the central part of the province whereas the less evolved 
basaltic rocks and scoria cones are mostly distributed along peripherals as 
well as in the central part followed each collapse caldera. The conceptual 
model shows three collapse calderas respectively that are aligned along pre-
existing regional element NW–SE trend. The doming area at the crust-mantle 
boundary is most likely played an important role in forming collapse caldera 
as seen in the numerical modelling results. The compressive stress above the 
central deeper magma reservoir performed as stress barrier and made 
difficulty for dyke to penetrate and replenish the oldest caldera, Voon (7-5 
Ma). Alternatively, the maximum tensile stress on the lateral ends of the deep 
reservoir is most favourable frequently dyke injection to from new magma 
chamber; see Chapter 9 for further explanation about caldera collapse and 
generated new magma chamber.    
 
Acocella, 2007) and depth of magma chamber from initial surface inferred 
from Tieroko extinct central volcano where assumed this pluton represents 
the uppermost part of the extinct crustal magma chamber and taking into 
account the thickness of eroded may be several kilometres (Deniel et al., 
2015).  
 
The evolution of the TVP, however,  is characterised by constructive episode 
(8-5 Ma), and consequently destructive episode (5-0.43 Ma) where the 
constructive period involves accumulation of volcanic materials to form 
central volcanisms whereas destructive period involves vertical collapse 
calderas due to volcano-tectonic forcing and produced huge volume of 
ignimbrites (>100 km3). The Volcano-tectonic forcing keeps the magmatic 
excess pressure in the magma chamber until a longer time of the eruption, 
thereby squeezing out an extraordinarily large fraction of the magma, 
probably most content of the chamber. By contrast, an ordinary poroelastic 
eruption as occurred in the AHVP, the excess magmatic pressure in the 
magma reservoir rapidly reduced and consequently produced less than 0.1% 
of the bulk volume of the reservoir. It is interesting to note that the 
basaltic/andesitic lava flows were commonly followed each collapse caldera 
that would have derived from the former destructive shallow magma 
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chamber as compartment such as magma mixing and mingling (andesitic-
trachyte) of Tousside volcanic complex (100 ka) followed the last collapse 
Yirrigue caldera (0.43 Ma) or through infrequently dykes injected from deeper 
magma reservoir.  
 
The numerical approaches with various loadings during this study are greatly 
improved our understanding the volcano-tectonic evolution and spatial and 
temporal distribution of the major volcanic units at the TVP. The model of 
Marti and Gudmundsson, (2000) for overlapping collapse calderas in the Las 
Canada caldera in Tenerife appears to be applicable for the caldera 
collapses on the TVP. Therefore, the collapse calderas on the TVP 
examined in the light of this conceptual model. This model illustrated how 
and under what stress condition overlapping collapse calderas generated by 
magma migration. The model also is able to clarify magma chamber 
migration in a region where a plate is very slowly drifting or stationary as 
African plate because bending maximum tensile principal stress the location 
of dyke injection frequently for the significant period rather than a fast drifting 
plate. Furthermore, the present model explains the lacks or misunderstood in 
a spatial progression of collapse calderas as raised by Permenter and 
Oppenheimer (2007). The first collapse caldera, Voon Caldera (7-5 Ma) 
interpreted as to have initiated in the central TVP, subsequently, caldera 
migrated to the eastern at Emi Koussi Caldera (2.4-1.3 Ma) then developed 
to the westernmost part at Yirrigue Caldera (0.43 Ma). Nevertheless, 
geophysical and volcanology investigations will certainly be needed to further 
establish the details of the TVP development through better constrain on the 
shallow magma chambers and volcano-tectonic forcing (ring faults).  
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Chapter 11: Summary and future work 
 
11.1 Summary  
 
The Al Haruj intra-continental Volcanic Province (AHVP), situated at the 
southwestern periphery of the Sirt Basin, hosts the most extensive and 
recent volcanic activity in Libya, covering an area around 42,000 km2.  The 
AHVP is considered a typical within the plate interior. The northernmost part 
of the AHVP seems to be very recent based on the latest precise age 
determinations (cosmogenic 3He exposure) (Nixon et al., 2011), along with 
excellent preservation of tumuli and lava rise plateaus. Thus it is likely that 
the AHVP has still the potential to erupt, that is, is still active. Volcanic 
fissures/crater rows are very common in the AHVP and mostly confined to 
the central and southernmost part of this region. Comparatively few dykes 
have been identified, but those that have occur mainly in elongated swarms 
outside the main volcanic system.  
 
The geometry of the volcanoes may be partly governed by pre-existing 
fractures and faults; which in turn play a significant role in the spatial 
distribution of volcanic fissures and dykes in the area. The alignments 
eruptive vents/crater rows at the AHVP display the dominating strike of 
volcanic fissures/feeder-dykes as WNW–ESE to NW–SE and NE to NNE, 
coinciding with the predominate orientations of main pre-existing 
fracture/fault zones in the Sirt Basin. Preferred numerical models and field 
observations suggest that some feeder-dykes may have utilised steeply 
dipping faults, particularly normal faults, as part of their paths to the surface. 
Thus the various orientations of volcanic fissures are likely to be partly 
controlled by the directions of pre-existing faults. Despite the great depth of 
origin of the magma (≈ 35 km) at the AHVP, the magmatic overpressure 
during the associate fissure eruptions and dyke emplacement  of 8–19 MPa 
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(depending on the Young’s modulus of host-rock) which is similar to that of 
typical regional feeder dykes in many other areas. 
 
One of the findings of this thesis suggests that the AHVP consists of double 
volcanic systems rather than single volcanic system based on the volcano-
density map. The monogenetic volcanoes (lava shields, scoria cones, 
spatter cones, and maars) in the AHVP form two distinct density groups 
which are interpreted as separate volcanic systems. Each system is believed 
to be fed by a deep-seated and very extensive magma reservoir. The 
density distribution of the volcanoes in each system, plotted as eruption 
points or sites (a total 432 sites), has a roughly elliptical surface expression, 
suggesting similar plan-view geometry of the source reservoirs. This 
conclusion derives from extensive field observations, where volcanic 
systems tend to reflect the plan view geometries of the source magma 
reservoirs due to stress-concentration considerations (cf. Gudmundsson, 
2000, 2016). From the eruptive volumes and the density distributions of the 
volcanoes, the bulk volumes of the reservoirs were estimated. Numerical 
models are used to investigate local variation in the stress field resulting 
from general doming of the area during the late Miocene, as well as local 
loading by magma reservoirs, including the effects of various mechanical 
properties of the crustal layers, so as to explain the variation in the spatial 
and temporal of the volcanic activity in this part of Libya. 
 
Due to uncertainty to calculate volume of single volcanic eruption in the 
AHVP, two assumptions have been made to estimate bulk volumes and 
thicknesses of magma reservoirs that supplied magma to the eruptions. 
Basaltic volcanism in an ordinary poroelastic eruption commonly much less 
than (≈ 0.1%) of the magma in a reservoir can flow out of it with the potential 
of forming dyke and a lava flow. Hence, very much larger poroelastic 
reservoir is needed than the volumes of individual lava flows or lava shields. 
The results of numerical approaches indicate that the maximum principal 
tensile stresses concentrate around the lateral ends of the magma reservoir 
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at the AHVP after the gradually released of compressive stress at the bottom 
of crust due to late Miocene uplifted. In turn, the initial dykes for early lava 
shields are most likely injected from margins of magma reservoir rather than 
central parts. This conclusion is supported by the geographical distribution of 
the lava shields. There is a clear likelihood for late Miocene – Pliocene lava 
shields to be situated near the peripherals of both volcanic systems, that is, 
roughly above the margins of the magma reservoirs. 
 
The spatial distributions of 831 monogenetic volcanoes (lava shields, scoria 
cones, spatter cones and maars) within the four principal volcanic provinces 
of Libya (Gharyan, Sawda, Al Haruj, Nuqay volcanic provinces) are 
examined and presented on a volcano- density map. The results show that 
there are evidently six main volcanic clusters, each of which is regarded as a 
volcanic system. Each volcanic system is thought to have been supplied with 
magma from a deep-seated reservoir so that an individual magma reservoir 
may have existed beneath each maximum amount of volcanic cones, most 
likely at the crust-mantle boundary. The magma reservoir beneath each 
volcanic system was assumed as totally molten, so that the Young’s 
modulus is zero and the inclusion reduces to a hole, when modelled as two-
dimensional and as oblate ellipsoids (penny shaped or sill-like) when 
modelled as three-dimensional structure. Numerical model results show 
strong stress interaction between the magma reservoirs. More specifically, 
stress concentration zones and trajectories of maximum compressive stress 
between nearby volcanic systems may encourage simultaneous volcanic 
and tectonic events, seismogenic faulting, and dyke sharing between 
volcanic systems. The model stress concentration zones agree well with the 
distribution of the major faults and Holocene eruptions. There are no known 
eruptions in Libya in historical time, but some, perhaps all, the volcanic 
systems may have had one or more arrested historical dyke injections. In 
particular, part of the recurrent seismic events (e.g., M7.1, on April/1935) in 
the Hun Graben in the northwest Libya may be related to dyke propagation 
and arrest. If some of the inferred magma reservoirs are still fluid, as is likely, 
they pose earthquakes and volcanic risks to many parts of Libya.  
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Detailed analyses of tumuli and lava rises using field observations, and 
remote sensing data provide an understanding an inflation and emplacement 
mechanism of the Al-Halaq al Kabir lava flow field, central part of the AHVP. 
The thickening by endogenous growth seems to be played a significant role 
in the emplacement of Holocene basaltic lava flow field in the central part of 
the AHVP. Tumuli and lava rise plateaus, commonly formed by this 
mechanism, display certain diagnostic characteristics that are an indication 
of their emplacement mode. Tumuli observed in the area are remarkably 
similar in morphology, internal structure and aspect (height/width) ratios to 
the tumuli which have been studied in the distal portions of Icelandic lava 
flow fields. It suggests that they have been emplaced by an analogous 
mechanism. The tumuli and lava rise plateaus in Iceland are strongly related 
to persistent preferred internal pathways that produced a systematic 
distribution of inflation features (cf. Glaze et al., 2005). Therefore, the tumuli 
and lava rise plateaus on the surface of flow field in the AHVP are most 
likely correlated with preferred internal pathways that may be active at 
different times during the lava flow field emplacement. Furthermore, the 
alignment of tumuli and lava rise plateaus are clearly discernible in the field 
and on the satellite imagery which indicate the presence distributary tube 
systems beneath the upper crust.  
 
The preferred pathways seem to be responsible for thermally efficient lava 
delivery from the vent system to the distal portion (≈22 km) of the lava flow 
field in the central part of the AHVP. The paleotopography combined with 
flux flow rate are the most parameters that may influence the formation of 
inflation feature. Numerical and analytical results demonstrate that the 
potential tensile stress in the inflated upper crust is an order of a magnitude 
larger than the actual tensile strength of rocks. Thus, the tensile strength of 
the lava crust is not high enough to resist the potential tensile stress during 
inflation process, so that the crust will fracture, as observed in the field and 
from satellite imagery. In contrast, the viscoelastic crust played a significant 
role to keep lava inside during inflation processes.  
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The Tibesti Volcanic Province (TVP) represents the second largest among 
the five Gharyan – Tibesti volcanic provinces, covering an area of 
approximately 29,000 km2. There are great differences between the TVP 
and other Libya’s volcanism although they have generally occurred in the 
same period of time. These differences are as regards to volcano-tectonic 
aspects, the eruptive styles and production of volcanic materials. The 
variations of volcanic products along the TVP range from contemporaneous 
basaltic to acidic (rhyolite and ignimbrite), during the end of Miocene to late 
Pleistocene indicate that the magma in this volcanic field may be derived 
from a double magma sources. Alternatively, the Libya’s volcanism, 
particularly the AHVP, is commonly supplied through single magma 
reservoir, most likely at the crust-mantle boundary. Field observations and 
numerical model results suggest that basaltic magma (scoria cones) at the 
periphery of the TVP may be derived from a deeper magma reservoir in the 
lower crust or at crust-mantle boundary while the more evolved rhyolite and 
ignimbrites most likely were obtained from a shallow crustal magma 
chamber. 
 
 The presence of a shallow magma chamber for an extended period of time 
(> 1Ma) has modified the in situ stress fields beneath TVP and generated 
volcano-tectonic elements which may be superimposed on the orthogonal 
pre-existing regional lineaments. The evolution of the TVP is characterised 
by constructive episode (between 8 and 7–5 Ma), and then destructive 
episode (between 7-5 and 0.43 Ma) where the constructive (inflation 
process) period involves the accumulation of volcanic materials to form 
central volcanisms, whereas destructive periods (deflation processes) 
involve vertical collapse calderas due to volcano-tectonic forcing and 
produced the large-volume of ignimbrites (>100 km3). The numerical 
approaches with various loadings used during this study are greatly 
improved our understanding the volcano-tectonic evolution and spatial and 
temporal distribution of the major volcanic units at the TVP.  The numerical 
model results suggest that the stress fields associated with excess magmatic 
pressure or regional field stress as loading are only favourable to form a 
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volcano cone fed by radial dykes and inclined sheets and mostly associated 
with small-volume eruptions (<1 km3). While stress fields associated with the 
uplift doming at the lower crust due to the accumulation of magma are 
favourable for initiation ring-faults at the surface and  at shallow depth and 
emplacement of ring-dykes from lateral ends of existence shallow crustal 
magma chamber that subsequently led to subsidence block roof (piston-like 
caldera subsidence) and squeeze out much magma (>100 km3). In fact, 
some basaltic lava flows and mixing lava andesitic-trachyte are commonly 
followed each an individual collapse caldera that may be derived from 
infrequently dykes from deeper magma reservoir or from the floor of the 
former magma chamber. The basaltic and andesitic lava flows are mainly 
recognised around rims of calderas that might be used the pre-existing ring-
faults planes as conduits. The collapse calderas on the TVP are examined in 
the light of the model of Marti and Gudmundsson (2000). This model has 
illustrated how and under what stress condition overlapping collapse 
calderas can be generated by magma migration. The preferred model has 
also explained the misunderstood in the spatial and temporal progression of 
collapse calderas throughout the TVP.  
 
11.2 Future work  
 
High-quality deep subsurface data, such as two-dimensional and three-
dimensional seismic reflection, borehole and petrological data from the Sirt 
Basin will be undoubtedly needed in the future research to further provide 
magma-fault interaction and identify geometry, distribution, and timing of 
subsurface magmatism in the Sirt Basin. 
 
 Unmanned Aerial Vehicles (UAVs) surveys are recently increasingly 
employed in order to obtain ultra-high resolution mapping (≈10mm/pixel) in 
much shorter time interval than would be commonly achievable through 
conventional grid mapping (Bemis et al., 2014). This new technique also 
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provides access to vertical and instable exposures (Bemis et al., 2014). 
Therefore, the UAVs will be used as a powerful tool in the near-future 
researches to easily collect data from size, remoteness and inhospitable 
field areas induce difficulties of ground-based access and unsafe exposures, 
such the AHVP and the TVP.   
 
A series of volcanic activity in the central part of Libya during the end of 
Miocene might have been partly caused the local fauna and flora extinctions 
in the As-Sahabi area, NE the Sirt Basin, and hyper-aridity in Megafezzan 
Lake, SW Sirt Basin. This speculation result within the limits of data is only 
set forth about a possible link between local biological extinction, super-
aridity, and volcanism in the Sirt Basin area, central Libya and this will 
doubtless demand very close scrutiny in the future. Detailed petrographic 
and geochemistry studies would be a good test to estimate the pre and post 
eruption volatile materials of the glass in inclusions trapped in phenocrysts 
(pre-eruption) and degassed lava matrix (post-eruption) as well as 
detectable geochemical record for an increase greenhouse gases (e.g., CO2 
and CH4) in lacustrine sediments, fossil soils and fossil plant anatomy (cf. 
Olsen, 1999; Burgess et al., 2017). In addition, drilling core barrels can be 
used to estimate duration of eruption. Such data is also extremely important 
for forecasting and assessment hazards of the AHVP. 
 
I currently collaborate with work with Missouri University of Science and 
Technology, Rolla, Missouri, USA, in order to measure precisely crustal 
thickness beneath Libya and the origin of partial melt beneath AS Sawda 
Volcanic Province from receiver-function constraints. We have used receiver 
function constraints (RFs), for the first time,  from data obtained from recent 
available broadband seismic stations; fifteen seismic stations belonging to 
the Libyan Center for Remote Sensing and Space Science (LCRSSS) and 
three seismic stations publically. This study has preliminarily inferred that the 
observed high Vp/Vs (κ) ratios of 1.91 at one station located in the As 
Sawda Volcanic Province. It is indicated the presence of partial melt at the 
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crust-mantle boundary (≈35 km). This new finding indicates that the magma 
reservoir beneath this region is most likely still active, consequential 
generating significant earthquakes and volcanic hazards. More geophysical 
studies, such heat flow data, magnetotelluric, gravity studies and geothermal 
data, will be certainly needed in the future in order to obtain better 
constraints on the deep structure and magma chamber/reservoir in other 
parts of Libyan territory.   
 
Finally, my results in this thesis on the volcanism and tectonics, along with 
mechanism of lava emplacement in Libya and adjacent areas are largely 
new and the methods may be used for other similar regions, in addition to 
being of great value for volcanological studies in the North Africa at large 
scale. Thus this thesis enhances the departmental profile, provides scientific 
advance, and involves international collaboration.  I shall, on returning to 
Libya, present some of my results to the general public and motivate the 
Libyan National Oil Corporation (NOC) to pay special attention for the risk of 
the Holocene volcanism and associated earthquakes as well as evaluate the 
volumetric effects of the magmatism on the generation, migration and 
trapping of hydrocarbons due to number of oil fields are located in the 
AHVP. Also, I will strongly encourage the Libyan Center for Remote Sensing 
and Space Science (LCRSSS) to install permanent and denser broadband 
seismic stations coverage, particularly at volcanic areas.   
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Appendix A 
Supplementary data of Elshaafi  and Gudmundsson (2016) (Chapter 5) 
I 
Length, thickness, orientation and aspect (length/thickness) ratios of 47 
dykes and volcanic fissures mapped from satellite imagery.   
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Appendix A 
Supplementary data of Elshaafi  and Gudmundsson (2016) (Chapter 5) 
II 
Schematic illustration the tectonic evolution of the Al Haruj region subdivided 
into five main deformation phases from the late Precambrian to Holocene. 
The data is based on field observations as well as interpretation of aerial 
photographs and satellite imagery (modified from Peregi et al., 2003).  
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Appendix A 
Supplementary data of Elshaafi  and Gudmundsson (2016) (Chapter 5) 
III 
Map showing the main structural elements of the Sirt Basin trend NW-SE. 
Dashed black lines indicate σ3 stress trajectories that show slight changes at 
the southernmost of the AHVP (modified after Anketell, 1996; Less et al., 
2006). 
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Appendix B 
Supplementary data of Elshaafi  and Gudmundsson (second revision in 
Tectonophysics) (Chapter 8) 
I 
Block model showing the tensile stress resulting from magma reservoirs and 
far-field extensional stress throughout Libyan territory. Applied the tensile 
boundary load is 5 MPa and excess magma pressure is 5 MPa in each 
magma reservoir. GVP; Gharyan Volcanic Province, SVP; Sawda Volcanic 
Province, AHVP; Al Haruj Volcanic Province, NVP; Nuqay Volcanic Province.  
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Appendix B 
Supplementary data of Elshaafi  and Gudmundsson (second revision in 
Tectonophysics) (Chapter 8) 
II 
The numerical model results, tensile stress on the left side and shear stress 
on the right side, with various diameters of magma reservoir in the range 
from 66 km to 120 km.  The Haruj al Aswad volcanic system modelled with 
nearly a double diameter of around 120 km and the Al Haruj Al Abyad 
volcanic system as with a diameter of 80 km, the rest of the reservoirs being 
of diameter 66 km. It is interesting to note that the potential zones for 
mechanical interaction between volcanic systems remained generally as 
similar and effectively as Figure 7.  
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Abstract Ağrı Dağı (Ararat), whilst being the tallest volcano
in Turkey, is largely understudied. Two predominant peaks,
Greater and Lesser Ağrı, make up the main edifice, which has
been built during four main phases. The most recent phase
consisted of two volcanic eruptions. The respective surface
area and volume of the first volcanic eruption were estimated
at 96 km2 and 3.2 km3, whereas those of the second eruption
were much smaller with the surface area and volume estimat-
ed at 25 km2 and 0.6 km3. It is unusual for stratovolcanoes to
produce basaltic eruptions of more than 3 km3, although these
and larger volumes are not uncommon in flood basalt-type
eruptions. Large basaltic eruptions from stratovolcanoes nor-
mally require volcano-tectonic forcing (e.g. subsidence of col-
lapse caldera and graben). However, there is no evidence for
such volcano-tectonic forcing, during the most recent erup-
tions at Ağrı Dağı (Ararat), and therefore, their comparatively
large volume basaltic lavas need to be explained in a different
way. Here, we present an analytical method for calculating the
source volume needed to supply magma to the eruptions at
Ağrı Dağı. We found that the lava flow of 3.2 km3 was likely
fed by a very large magma reservoir (∼13,000 km3), while the
second flow of 0.6 km3 was fed by a reservoir of a much
smaller effective size (or ∼2000 km3). ‘Effective size’ depends
on what fraction of the reservoir participates in the eruption.
We propose that the entire reservoir supplied magma to the
larger eruption, but only one of its compartments (about one
fifth of the total volume of the reservoir) supplied magma to
the smaller eruption. Although seismic tomography indicates
a magma reservoir at great depths (>20–30 km) below the
Ağrı Dağı volcano, geochemical constraints on some of the
later-formed rocks suggest an interaction between a shallow
chamber (at 8–10-km depth) and the deep reservoir approxi-
mately 0.5 Ma. We provide numerical models whose results
indicate that dykes injected from the lateral margins of the
deep-seated reservoir are more likely to reach the surface di-
rectly rather than replenish the shallow magma chamber, sug-
gesting also that the compartment for the second eruption was
at the margin of the reservoir.
Keywords Large eruptions .Magma chambers .Magma
reservoirs . Volcano-tectonic forcing . Crustal stresses .
Numerical models
Introduction
Magma or melt transport in the mantle is somewhat different
from magma transport in the upper crust. Magma in the man-
tle, and partly in the lower crust, ascends by porous flow
(Scott and Stevenson 1986). At shallower crustal levels, mag-
ma ascent is primarily through magma-driven fractures, that
is, dykes. Dyke initiation and propagation are known to be
partly controlled by regional stress fields, particularly those
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induced by crustal extension (e.g. Gudmundsson 1990, 2006;
Daniels et al. 2012; Le Corvec et al. 2013; Maccaferri et al.
2014; Tibaldi 2015). Reservoirs which are underlying the
shallow magma chamber may directly supply magma to areas
outside of the stratovolcano (Gudmundsson 2006). Thus, less
evolved magmas can erupt at the margins of stratovolcanoes
while more evolved magmas erupt within the central parts of
the stratovolcano.
Long-lived (>1 My) major volcanic edifices, such as a stra-
tovolcano, a caldera volcano or a large shield volcano (basaltic
edifice), are commonly supplied with magma from a compara-
tively shallow crustal magma chamber (Browning et al. 2015;
Gudmundsson 2016; Karaoğlu et al. 2016), while active, a shal-
low magma chamber acts as a sink for magma from a deeper
magma source (or reservoir) (Gudmundsson 2012; Le Corvec
et al. 2013). If new magma is injected from a deeper source
during an eruption, that magma is likely to be of high density
and may accumulate at the floor of the magma chamber
(Coppola et al. 2009; Gudmundsson 2012). For an eruption to
occur, the necessary conditions are that the magma chamber or
reservoir (deep-seated magma chamber) ruptures and a fluid-
driven fracture is able to propagate from the chamber to the
surface (Gudmundsson 2012). There is a close relationship be-
tween the excess chamber pressure (pe) and magma recharge
volume. At the most active volcanoes, rupture probability based
on increasing excess pressure within the shallow chamber al-
lows forecasts of dyke formation to be made in real time during
magma recharge events (Browning et al. 2015). Stratovolcanoes
in Turkey, or elsewhere, are commonly fed by shallow crustal
magma chambers with estimated volumes that commonly range
from about 5 to 500 km3 (e.g. Chester 1993). Lavas issued from
stratovolcanoes commonly range in volume between 0.01 and
less than 0.1 km3. Whilst these small eruption volumes can be
considered ‘normal’, more voluminous eruptions are known to
erupt at stratovolcanoes such as the 1981 lateral blast event at
Mt. Saint Helens, USA (2.5 km3), the Plinian eruption of
Krakatoa, Indonesia, in 1881 (18–21 km3), the 1991 dome col-
lapse of Mt. Unzen, Japan (1 km3), and the Plinian eruption of
Mt. Nemrut, Eastern Turkey (2.5 km3) (Karaoğlu et al. 2005).
Such events cannot be considered normal as they are often as-
sociated with some degree of volcano-tectonic forcing, particu-
larly graben or caldera formation or slip. By volcano-tectonic
forcing, we mean processes where the strain energy needed for
displacement on a ring fault of a caldera or the boundary faults
of a graben is primarily of tectonic origin and the displacement
cause reduction in volume and shrinkage, of the chamber/
reservoir source. The volume reduction maintains the magmatic
excess pressure in the source until the very end of the eruption,
thereby squeezing out an exceptionally large fraction of the
magma in the source and producing a large eruption
(Gudmundsson 2015, 2016). As said, we do not find evidence
of volcano-tectonic forcing of this kind for these two eruptions
and therefore seek alternative explanations for their sizes.
The type and composition of magma feeding an eruption
can also influence the eruptive volume. For example, erup-
tions of felsic magmas commonly produce somewhat larger
volumes than mafic ones, as exemplified by the eruption of
Puyehue-Cordon Caulle, which produced a rhyolitic lava flow
of volume 0.5 km3 (Tuffen et al. 2013). Nevertheless, large-
volume basaltic lava flows are commonly associated with
flood basalt events such as the Deccan Plateau and the
Columbia Basalt Plateau (Reidel et al. 2013).
It is seemingly rare for stratovolcanoes to produce both
normal-size eruptions and large-volume effusive eruptions
without an element of local volcano-tectonic forcing
(Gudmundsson 2015, 2016). The Ağrı Dağı volcano, howev-
er, seems to exhibit such rare behaviour. Where most of the
lavas that make up Ağrı Dağı were produced in relatively
small eruptions (<0.1 km3), two massive basaltic lava flows
with total volume exceeding 3.8 km3 formed roughly during
the period between the peak activities of the Greater and
Lesser Ağrı volcano. There is currently no explanation as to
why such voluminous eruptions occurred during this time.
At the height of 5165 m, Ağrı Dağı (Ararat) is the tallest
volcano in Turkey and comprised two main peaks: Greater
and Lesser Ağrı (Fig. 1). The most recent eruption
(<0.5 Ma) of Ağrı Dağı occurred at 39° 30′ 20″ N/44° 22′
23″ E and produced two generations of basaltic lava flows.
The former volcanic eruption occupies an area of about
96 km2 and a volume of around 3.2 km3, while the later vol-
canic eruption was much smaller with an area of 25 km2 and a
volume of 0.6 km3 (Fig. 1). The exact age difference between
these lava flows, however, is unknown. The nearest major
population centres (about 145,000 inhabitants) are only
6 km away from the volcano. Many of the stratovolcanoes
in Eastern Turkey are poorly studied and understood, particu-
larly in terms of their relationship to the current tectonics. This
is an important issue because Ağrı Dağı and other
neighbouring volcanoes are situated close to major strike-
slip faults and areas of triple junction tectonics (Fig. 1).
The AğrıDağı volcano covers the largest area (∼1100 km2)
of any volcano in Turkey. The volcano has erupted 1150 km3
of volcanicmaterials over its ∼1.5Ma of activity (Yılmaz et al.
1998) (Fig. 2). There are no calderas or grabens dissecting the
volcano, which is in contrast with the common calderas on
most stratovolcanoes in Eastern Turkey, such as the Nemrut
caldera (Karaoğlu et al. 2005). The orientations of the parasitic
cones and main volcanic fissures indicate that the dominant
direction of tension in the area is NW–SE (e.g. Karakhanian
et al. 2002). Dextral faults are common and form several pull-
apart structures, some of which may be linked to volcanic
activity (Karakhanian et al. 2002).
AğrıDağı is a typical stratovolcano mostly built up by calc-
alkaline volcanic rocks (Yılmaz et al. 1998, Fig. 2). Initial
products (pre-cone phase) observed in the eastern part of the
volcano are mainly intermediate (dacitic and andesitic in
 15 Page 2 of 16 Bull Volcanol  (2017) 79:15 
composition) pyroclastic rocks and lavas (e.g. Yılmaz et al.
1998). K-Ar radiometric age data show that the oldest lavas
are basaltic and were erupted between 1.51 and 1.09 Ma ago
(Sanver 1968; Pearce et al. 1990). Basaltic lava flows overlay
the oldest volcanic rocks. Following the first eruptive stages,
the main cone of the volcano was built up mostly by andesite
and dacite lavas. The last stage (flank eruption phase) is rep-
resented by alternating andesitic and basaltic lava flows from
the main cone and parasitic scoria spatter cones on the flanks.
During the last and most recent phase, basaltic lava flows were
particularly dominant at the margin of the Ağrı Dağı volcano
(Fig. 2).
One objective of this paper is to provide models that give
insights into the magma storage systems feeding the Ağrı
Dağı volcano and how their characteristics can account for
the contrasting eruption volumes issued at the volcano.
More specifically, we aim to find the feeding mechanism of
the large-volume basaltic lava flows. Furthermore, in the ab-
sence of evidence of volcano-tectonic forcing contributing to
the generation of the lava flows, we seek an alternative mech-
anism for their comparatively large sizes. In particular, we
propose that the entire reservoir supplied magma during the
eruption of the larger and more primitive lava flow. By con-
trast, we suggest that only a small compartment within the
reservoir supplied magma during the eruption of the smaller
and more evolved lava flow.
Geochemical constraints indicate that the Ağrı Dağı volca-
no was predominantly constructed from acidic to intermediate
lavas and the later-formed rocks indicate an interaction be-
tween a shallow chamber (at 8–10-km depth) and the deep
Fig. 1 aMap of the tectonic framework of Turkey. bMiddleMiocene to recent volcanic centres in Eastern Turkey and location of population centres on
a DEM-derived map. NAF North Anatolian Fault, EAF Eastern Anatolian Fault, KTJ Karlıova Triple Junction, VFZ Varto Fault Zone
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reservoir. As such, we have developed numerical models
to study how of the magma systems of Ağrı Dağı volcano
interact over time. These models are combined with ap-
proximate estimations as to the volume of the magma
system underlying the Ağrı Dağı volcano in order to un-
derstand how and why such comparatively voluminous
lavas can be erupted from stratovolcanoes such as Ağrı
Dağı. The results provide information which is vital for
understanding such large eruptions, particularly because
they pose a significant threat to nearby population centres
(e.g. Small and Naumann 2001).
Geological setting and geochemistry of the Ağrı Dağı
volcano
The East Anatolian High Plateau (EAHP) displays a very
complex volcano-tectonic history of continental collision.
After the closure of the Neotethyan Ocean as a result of
Africa-Eurasian convergence (Barka 1992; Okay and
Tüysüz 1999; Bozkurt 2001), syn- and post-collisional
magmatisms dominate in the EAHP since the Middle
Miocene (15 My, Lebedev et al. 2010). Four stages of
Neogene-Quaternary volcanism have been identified:
Fig. 2 a Ağrı Dağı volcano and
surrounding region. b Volcano
stratigraphy of the Ağrı Dağı
volcano. c Geological map of the
Ağrı Dağı volcano. d Geological
map of the last two basaltic lava
eruptions, flows I and II
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Middle Miocene (15.0–13.5 Ma), Late Miocene (10–9 Ma),
Pliocene (5.8–3.7Ma) and Quaternary (1.0–0.4Ma) (Lebedev
et al. 2010). Quaternary stratovolcanoes (e.g. Nemrut,
Suphan, Ağrı Dağı volcanoes, Fig. 1) and shield volcanoes
(e.g. Tendürek) on the Eurasian Plate produce predominantly
calk-alkaline-type eruptive materials (e.g. Pearce et al. 1990;
Keskin et al. 1998; Yılmaz et al. 1998; Keskin 2007, Lustrino
et al. 2010), with minor alkaline igneous rocks (e.g. Innocenti
et al. 1976, 1980; Pearce et al. 1990; Keskin et al. 1998;
Yılmaz et al. 1998; Alici et al. 2001; Keskin 2007). Lustrino
et al. (2010) proposed that extensive volcanic activity on the
Arabian plate, such as Karacadağ shield volcano, surfaced on
a 35–40-km-thick crust mostly during the Late Miocene to
Quaternary, with the production of large amounts of alkaline
basic rocks (Pearce et al. 1990; Ercan et al. 1990; Notsu et al.
1995). The formation of Ağrı Dağı volcano has been tecton-
ically linked to slab break-off and delamination in intraplate
settings overlying hot asthenosphere through transtension
(Yılmaz et al. 1998; Shabanian et al. 2012; Selçuk et al. 2016).
Recent seismic tomography studies have documented that the
crust in Eastern Turkey has an average thickness of 65 km; it is
thinner than average in the south, about 38 km (Arabian foreland
(Angus et al. 2006;Ozacar et al. 2008; Cakir et al. 2000; Zor et al.
2003) (Fig. 1). Many studies suggest that the lithospheric mantle
may be either completely absent (e.g. Al-Lazki et al. 2003) or
very thin (e.g. Angus et al. 2006; Ozacar et al. 2008) beneath
Eastern Turkey. Three controversial views have been expressed
as to the origin of volcanism in Eastern Turkey; namely (i) that
the region is reformed by melting and cooling of the astheno-
sphere and is as such an older lithospheric mantle (Keskin 2007);
(ii) that, on average, a 20-km-thick lithosphere may have resulted
from cooling of the asthenosphere from 15 to 7Ma (Angus et al.
2006); and (iii) slab break-off of a northward subducting slab
belonging to the northern branch of the Neotethyan ocean (e.g.
Şengör et al. 2003; Keskin 2007). The crustal stress field has
likely changed dramatically in the past 10 to 5 Ma (Örgülü
et al. 2003). These seismic- and petrology-based studies indicate
that the uppermostmantle is partiallymolten and that the astheno-
sphere is close to the base of the crust, consistent with the exis-
tence of volcanism in the region (Örgülü et al. 2003).
The volcano stratigraphy of the Ağrı Dağı volcano was
mapped by Yılmaz et al. (1998). Geological observations
and published data (Türkünal 1980; Bingöl et al. 1989) show
that 14 different types of geological units represent the stratig-
raphy of the region around the Ağrı Dağı volcano (Appendix
Table 1). A cone-building phase produced mostly basaltic but
rarely andesite rocks between 0.68 and 0.5 Ma (Sanver 1968;
Pearce 1990). The final stages of activity resulted in flank
eruptions between 0.3 and 0.04 Ma (Sanver 1968; Pearce
1990; Ercan et al. 1990; Notsu et al. 1995), and the most
recent activity which occurred 20,000 years ago produced
mostly andesitic lavas (Nagao et al. 1989). Since this period,
the volcano has been dormant, although there were unrest
periods characterised by increased seismicity in 2500–2400
BC and 1840 AD (Karakhanian et al. 2002).
Here, we consider the most recent basaltic lava flows
erupted during the cone-building and flank eruption phases
(<0.5 Ma), which are located on the southern flank of the
Greater Ağrı Dağı volcano (lava flows I and II, Fig. 3). The
flows are easily distinguishable from the older basaltic lava
flows (lava flow III, Fig. 3) by colour and lack of both erosion
and alteration. These most recent basaltic lava flows were
erupted from a NW–SE aligned series of scoria cones dated
at 0.5 Ma (Sanver 1968). The origin of those basaltic lava
flows is poorly constrained in terms of petrology because
previous sampling localities were not spatially defined (e.g.
Pearce et al. 1990; Yılmaz et al. 1998). Generally, though, the
volcanic rocks of the AğrıDağı volcano are classified through
a wide compositional range from trachy-basalt, tephrite/
basanite, basaltic andesite, andesite, dacite and rhyolite
(Fig. 4a) (e.g. Pearce et al. 1990; Nagao et al. 1989;
Kheirkhah et al. 2009). A significant feature of the genesis
and evolution of Quaternary magmas in Ağrı Dağı is the ab-
sence of basalt on the plot although the petrography shows
them as basalt (Fig. 4). MORB-normalised trace element con-
tent of selected basaltic rocks is shown in Fig. 4b. The basaltic
lava flows at the main cone of the AğrıDağı are more enriched
in LREE than the marginal lavas (Fig. 4b).
Injected material and reservoir volume
In order to estimate the relative contribution of a shallowmag-
ma chamber and the contribution of a deeper magma reservoir
to the eruptions of Ağrı Dağı, we calculated first the total
volume of injected materials, that is, magma volume leaving
the chamber/reservoir during the eruption, from the lava flows
I and II. In this study, we used ArcGIS 10.1 to calculate the
geometry and area of the Quaternary basaltic lava flows I and
II (Fig. 3). The maximum thickness for each flow was esti-
mated based on the elevation difference with the surrounding
area using a Shuttle Radar TopographyMission (SRTM) com-
piled digital elevation model (DEM). The thickness of each
individual lava flow increases from the margins to the centre,
and so, the greatest thickness was recorded at the centre of
each flow that appears to be similar to lava shield (Fig. 2).
We can make an approximation to the shape and emplace-
ment style of a lava shield. The volume of a lava shield is
generally computed by approximating its shape as a truncated
cone for flat-topped volcanoes or a pyramid for a volcano with
a distinct peak (Hasenaka 1994). Therefore, during this study,
the volume of each lava flow is calculated by approximating
its shape to a cone, namely as
V e ¼ a h
.
3
 
ð1Þ
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where Ve is the volume of the volcanic unit, a is the area, and
h is the maximum thickness of the unit. The area of the base of
each individual volcanic unit was calculated using ArcGIS. The
volume of eruptive surface materials is somewhat uncertain
because part of the flow may be partially submerged by youn-
ger thick lava sequences (Andrew and Gudmundsson 2007).
The total volume of the injected material is a combination of
the volume of an individual lava flow on the surface and the
volume of the feeder dyke that fed the eruption. There are no
available data in the study area on dyke geometries, such as
length (strike dimension), thickness and depth (dip dimension),
to calculate the volume of feeder dykes. As such, we use rough
estimations of the average volume of dykes in Eastern Turkey,
where the volumes do not exceed 0.004 km3 (Karaoğlu et al.
2016). Therefore, the error produced in the total injected mate-
rial due to neglected volume of feeder dyke is very small.
The total injected material or magma Ve from Eq. (1) for
lava flow I is around 3.2 km3 (±0.1 km3), while the total
injected material for lava flow II is around 0.6 km3
(±0.02 km3). Both volumes are quite similar to the sizes of
monogenetic Holocene lava shields on the Reykjanes
Peninsula, West Iceland, where the volume lava flow II is
approximately the same size of the picrite lava shields, while
the volume lava flow I is approximately the size of the olivine-
tholeiite shields (Andrew and Gudmundsson 2007). The pri-
mary picrite or olivine basaltic magmas in Iceland are believed
to come from deep magma reservoirs rather than crustal shal-
low magma chambers (Meyer et al. 1985).
It is known that magma can accumulate at the crust-mantle
boundary, which is commonly the situation for deep-seated
reservoirs. A deep reservoir may directly feed surface eruptions
or form a shallowmagma chamber in the upper or middle crust.
Such shallow chambers can form due to abrupt changes in the
mechanical properties of the crustal rocks, particularly changes
in stiffness (Young’s modulus) of those rocks (Barnett and
Gudmundsson 2014). In areas of intense magmatism such as
Iceland, the crust-mantle boundary is commonly referred to as
the magma layer (Hermance 1981; Bjornsson 1983;
Fig. 3 The last basaltic/most basaltic lava flows around Ağrı Dağı volcano. a, b Google Earth images of basaltic lava flows at around the Great and
Lesser Ağrı Dağı volcanoes. c, d Images of the most recent lava flows (I–II)
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Gudmundsson 1987). The porosity or melt fraction differs
through a magma reservoir due to buoyancy and reduced po-
tential energy such that magma tends to move towards the top
(shallowest depth) of the reservoir. Therefore, the greatest melt
fraction is normally in the uppermost compartments of the res-
ervoir and gradually decreases with depth (Richter and
McKenzie 1984). The average melt fraction throughout a res-
ervoir is commonly assumed at 0.25 (e.g. Richter and
McKenzie 1984). The melt fraction of the lowest parts of a
chamber may be higher if the reservoir is continuously supplied
with new primitive melt or magma from deeper sources in the
mantle, for example, from the upper parts of a mantle plume
(Gudmundsson 1987). The mechanical behaviour of a magma
reservoir can be modelled to a first approximation as a
poroelastic material (Gudmundsson 1986, 2016; Tibaldi
2015). Hence, the volume of a magma source during individual
eruptions may be roughly estimated from Eq. 2 and is given by
the following (Gudmundsson 1987, 2016; Browning and
Gudmundsson 2015):
Vb ¼ Ve
peϕ βm þ
βb
ϕ
  ð2Þ
where Ve is the volume of injected material in a single
eruption, ϕ is the fractional porosity of the reservoir, pe is
the excess magmatic pressure in the reservoir, and βm and βb
are the magma compressibility and bulk compressibility of the
reservoir, respectively.
Magmatic excess pressure in the reservoir can be consid-
ered nearly equal to the in situ tensile strength of the host rock
at the time of rupture (Elshaafi and Gudmundsson 2016). The
Fig. 4 a K2O + Na2O–SiO2
(TAS) (LeMaitre 2002) diagram
for the rock samples around Ağrı
Dağı volcano (data taken from
Gulen 1984; Pearce et al. 1990);
alkaline-subalkaline line is
according to Irvine and Baragar
(1971). bMORB-normalised
multi-element diagrams for the
volcanic rocks of the basaltic/
most basaltic rock samples
around Ağrı Dağı volcano (data
taken from Gulen 1984; Pearce
et al. 1990; Kheirkhah et al.
2009). Normalising values are
from Sun and McDonough
(1989)
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average in situ tensile strength of the upper crust in Eastern
Turkey is around 3.5 MPa (Gurocak et al. 2012).
Compressibility is a measure of the relative volume change
of a fluid or solid as a response to change in stress. The static
compressibility of basaltic magma βm at 1100–1300 °C is
around 1.25 × 10−10 Pa−1 (Murase and McBirney 1973).
The Young’s modulus for the lowermost crust in Eastern
Turkey is around 35 GPa at a depth of 20 km (e.g. Gurocak
et al. 2012: Karaoğlu et al. 2016). The bulk modulus (K) for
this part of the crust can be calculated from the following
relation:
K ¼ E
3 1−2νð Þ ð3Þ
where E is the Young’s modulus and ν is the Poisson’s ratio,
whose average value for most solid rocks is around 0.25
(Gudmundsson 2011). Hence, the compressibility of the crust
in Eastern Turkey 1K
 
is around 4.28 × 10−11 Pa−1.
FromEq. (2), if we assume the magma reservoir as partially
melted with an average porosity of 0.25 throughout the reser-
voir as previously mentioned, the volume of the reservoir
would be as follows:
Vb ¼ 3858 V e ð4Þ
This equation can be applied to estimate the volume
of magma within a reservoir supplying magma to indi-
vidual eruptions. From Eq. (4), the volume of the mag-
ma reservoir during the first eruption (lava flow I) is
around 12,345 km3. By contrast, the volume of the
magma reservoir during the second eruption (lava flow
II) is at 2403 km3, that is less by a factor of about 5. A
much larger reservoir is thus needed to give rise to the
first lava flow than the second lava flow, as expected,
assuming that the reservoir’s elastic properties remained
the same for both eruptions. To explain this difference
in reservoir size and related aspects during these erup-
tions, we created a suite of numerical models which
investigate the distribution of stresses around a deep
magma reservoir, with some constraints from seismic
tomography.
Seismic tomography models
Low-velocity anomalies obtained from seismic tomogra-
phy models can be used to detect magma chambers and
reservoirs at depth. The seismic velocity model derived
by Salah et al. (2011) is used to construct five vertical
cross sections of P-wave velocity across the area of
Ağrı Dağı volcano. This model is constructed through
the application of the seismic tomography method of
Zhao et al. (1992, 1994) on P-wave (primary wave)
arrival times in Eastern Anatolia. This method has been
applied successfully on arrival times collected from seis-
mic events occurring in different tectonic circumstances.
The method is adaptable to a general velocity structure,
which includes several seismic velocity discontinuities
of complex topography. Initially, a 3-D grid net is set
in the model space to express the 3-D velocity varia-
tions; the seismic velocities are taken as unknown pa-
rameters. Velocity at any point in the model is calculat-
ed by linear interpolation of the velocity values at eight
grid nodes surrounding that point. The method uses an
efficient 3-D ray-tracing scheme which accurately calcu-
lates travel times and ray-paths. More details about the
method can be found in the study by Zhao et al. (1992,
1994, 2012).
The Eastern Turkey data set comprises 31,730 P-
wave arrival times generated by 7380 seismic events,
which were recorded by 39 seismic stations distributed
relatively uniformly in the study area. Analysis of ray
path coverage (both in plan and vertical views) and the
results of a checkerboard resolution test and the hit
count rates all imply that the obtained velocity anoma-
lies are reliable features down to a depth of 45 km
(Salah et al. 2011). P-wave velocity along the selected
five cross sections is shown in Fig. 5. The model shows
that prominent low P-wave velocity zones are visible at
a depth range of 20–30 km beneath cross sections 1–3
which strike in a NW–SE direction. Cross sections 4
and 5 run in an NE-SW direction and exhibit low P-
wave velocities that extend to the base of the upper
crust (Fig. 5). These low P-wave velocity zones most
likely indicate the occurrence of partial melt, which can
be interpreted as magma reservoirs beneath Eastern
Anatolia (Hearn 1999; Calvert et al. 2000; Zor et al.
2003). These low-velocity zones seem to be consistent
with previous seismological observations such as ineffi-
cient Sn propagation and low Pn velocity (Rodgers et al.
1997; Al-Lazki et al. 2004).
Numerical models
Whilst the seismic tomography data clearly indicate the pres-
ence of a deep reservoir, there is little evidence in the tomog-
raphy for a shallow magma chamber. However, geochemical
constraints indicate that a shallow chamber was active approx-
imately 5Ma. As such, we built a suite of numerical models to
test the stress conditions generated by different arrangements
of magma chambers. The objective is to understand which
conditions favour eruptions and how could the relative size
and location of those eruptions change due to the magma
chamber arrangement.
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The numerical models were built and solved using the fi-
nite element program COMSOL (www.comsol.com; cf.
Zienkiewicz 1979; Deb 2006). The models are based on the
real geological setting of the Ağrı Dağı volcano as interpreted
from field measurements, seismic wave profiles and InSAR
data (Cavalié and Jónsson 2014) (Fig. 6). All models are two
dimensional where the magma chambers and reservoirs are
modelled as cavities or holes with prescribed loads given at
their boundaries to simulate overpressure (Gudmundsson
2011; Gerbault 2012) (Fig. 6).
Fig. 5 a–e Five vertical cross sections of P-wave velocity beneath the
area of the Ağrı Dağı volcano (see Fig. 1 for the location of the cross
sections). Low velocities are shown in red, whereas high velocities are
shown in blue. Large stars and small circles show, respectively, the
location of moderate/large earthquakes (M ≥ 5.0) and the microseismic
activity in a 30-km-wide zone around the profile. The perturbation scale
(±5%) is shown to the right. f The locations for these seismic profiles on
the map
Fig. 6 Two-dimensional
numerical model setups. The 2-D
example shown represents the
geology of an E-W striking
profile through Ağrı Dağı
volcano. All 2-D models are
layered E(1–14) with each unit
assigned a different value of
Young’s modulus. Magma
chambers, represented as cavities,
are given an excess pressure of 5
to 15 MPa
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Model set-up
The geometry of our 2-Dmodels is based upon a simplified E-
W striking profile through the AğrıDağı volcano (Fig. 6). The
magma sources in our models are elliptical, which is likely a
simplification of real magma chamber geometries (e.g.
Gudmundsson 2012; Le Corvec et al. 2015; Karaoğlu et al.
2016). Although it has been shown previously that topogra-
phy can play a role in distributing near-surface stresses, the
primary focus of our investigation is on the stress differences
resulting from different boundary conditions applied to the
magma chamber itself, where the host-rock properties as well
as the depth, shape and size of the chamber are of main con-
cern. Thus, we assume flat topography in all models. The 14
different geological units as mechanical layers used in our
models are based on direct geological observations and pub-
lished literature (Yılmaz et al. 1998) (Fig. 6). The values used
to calculate depth of the magma chamber encompass all of
these mechanical layers.
The depths of shallow magma chambers are commonly
located within a few kilometres of the ground surface (cf.
Gudmundsson 1998). In this study, we assume the magma
chamber depth to be 8 km, although results are not sensitive
to the shallow chamber depth. The depth of the deep-seated
magma reservoir is inferred from tomographic data at around
20 km. In Fig. 6, we show only the model along an E-W strike.
We performed two models, in order to investigate different
eruption volumes, i.e. (i) very large magma storage configu-
ration for lava flow I (i.e. ∼13,000 km3) and (ii) a smaller lava
flow II (i.e. ∼2000 km3). We assumed two magma storage
regions: (1) a deeper and larger reservoir at a depth of 20 km
(with a diameter of 40 km and a thickness of 7 km) and (2) a
shallow magma chamber at 8-km depth (with a diameter of
16 km and a thickness of 5 km (Fig. 7a, b). The second model
shows the same shallow magma chamber at 8-km depth (with
a diameter of 16 km and a thickness of 2 km) but with a much
smaller-volume deeper reservoir at 20-km depth (with a diam-
eter of 30 km and thickness of 3 km (Fig. 7c, d).
In this model, both magma chambers are residing within a
heterogeneous, anisotropic elastic half space with Young’s
modulus (E) varying between individual layers from 50 to
20 GPa, as shown in Appendix Table 1. The shallower magma
chamber is modelled considering two criteria: first, that most
stratovolcanoes are fed by shallow chambers and, second, that
geological data (some magma mingling textures in the rocks)
and geochemical records indicate the existence of a shallow
magma chamber beneath the volcano. The deeper magma
reservoir is modelled based on our seismic tomography data.
It was assumed that the shallower magma chamber has a max-
imum diameter of 16 km to a first approximation (Fig. 7a, b),
whereas the deeper chamber or reservoir has a maximum di-
ameter of 40 km for the first volcanic eruption to correspond
the shrinkage of the volume of reservoir with the time.
Poisson’s ratio (ν) does not vary significantly between indi-
vidual layers; thus, in the models, we use a constant typical
value of 0.25 (Gudmundsson 2011). The E-W striking profile
hosts predominantly horizontal layers where the layer thick-
nesses are taken from geological measurements (Fig. 2) and
given in Appendix Table 1. All models are fixed at the corners,
with boundary loads applied at the west and east edges and a
free surface (a region free from shear stress) prescribed on the
upper edge (Earth’s surface).
In addition to boundary loads prescribed at the edge of the
models, to simulate tectonic stressing, we also load the inter-
nal cavities to simulate excess magma pressure, which is
5 MPa in Fig. 6. Magma chamber rupture and dyke injection
Fig. 7 Modelled stresses induced by excess magmatic pressure (pe)
inside a shallow chamber of diameter 16 km and a deep reservoir of
diameter 40 km. a Magnitudes of the minimum principal compressive
(maximum tensile) stress (σ3). b Magnitude of von Mises shear stresses
(τ) The excess magmatic pressure in each chamber is 5 MPa and is the
only loading. Parts c, d show the same arrangement of shallow chamber
and deep reservoir, but in this case, the reservoir is reduced in size with
diameters of 16 and 30 km, respectively
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occur when the tensile stresses at any point at the boundary of
the chamber/reservoir reach the tensile strength of the rock
(0.5 to 9 MPa) (Amadei and Stephenson 1997). Laboratory
tensile strengths of rocks reach up to about 30 MPa, but the in
situ tensile strengths are between 0.5 and 9 MPa, the most
common values being 2–4 MPa (Gudmundsson 2011). By
using excess pressure in the chamber/reservoir rather than
total pressure, the effects of gravity are automatically consid-
ered (cf. Gudmundsson 2012). We use a triangular mesh with
a maximum element size of 16m and a minimum element size
of 2 m. Our simplified models show that the most likely area
of chamber rupture and surface eruption is fed by intercon-
nected magma reservoirs and shallow and deeper magma
chambers (Fig. 7).
Results
To explore the potential magma propagation paths in the shal-
low crust beneath the Ağrı Dağı volcano, we constructed a
numerical model (Fig. 7). It is first necessary to consider the
stress required for magma chamber rupture. In the simplest
terms, a magma chamber roof will rupture and inject a dyke
(or an inclined sheet) when (Gudmundsson 1990, 2011)
pl þ pe ¼ σ3 þ T o ð5Þ
where pl is the lithostatic pressure and pe is the excess pressure
in the magma chamber, σ3 is minimum principal compressive
stress in the host rock, and T0 is the tensile strength of the host
rock, which ranges from 0.5 to 9 MPa (Amadei and
Stephenson 1997), and the average in situ tensile strength of
the upper crust in East Turkey is around 3.5 MPa (in agree-
ment with the common in situ tensile strength range given
previously). When a chamber roof has failed in tension and
a dyke is initiated, then the magma follows the path or trajec-
tories of maximum principal compressive stress, σ1
(Gudmundsson 2011). Here, we present first the results on
crustal stresses induced solely by magmatic excess pressure
within each chamber, ignoring initially the effects of any re-
gional tectonic loading. In Fig. 7, we show the magnitudes of
the minimum principal compressive (maximum tensile) stress,
σ3, and von Mises shear stress, τ.
In an E-W profile, the maximum tensile and shear stresses
concentrate at the lateral margins of each magma chamber and
at the Earth’s surface above the magma chamber. Complex
stress patterns and interactions occur at depth due to the atti-
tude and mechanical properties of the layers (Fig. 7a). There is
a stress concentration zone or link between the deeper magma
reservoir and the shallow chamber (Fig. 7b). Our model indi-
cates that if magma propagates from the edge of the deeper
reservoir, it can reach the surface without interaction with the
shallow chamber (Fig. 7a, b). However, this is partially depen-
dant on the size and position of the deeper reservoir with
respect to the shallow chamber. When the reservoir is smaller
(Fig. 7c), there is more likelihood of interaction with the shal-
low chamber. Here, the results show that the deeper magma
reservoir has two options, so as to either (1) feed the volcanic
edifice from the lateral margins or (2) replenish the shallow
magma chamber. Dykes that propagate from the central part
will not feed an eruption but instead charge the shallow mag-
ma chamber. These models indicate that most lava flows at the
central part of the volcano will produce more evolved lavas
compared to those lavas fed from the reservoir margins.
Discussion
Magma discharge mechanism
Field studies and stratigraphy of the volcano indicate three
major andesitic and two basaltic lava flow eruption cycles,
with tens of intermediate-composition lava stacks, from cone
building to late stage of the AğrıDağı volcano (Fig. 2; Yılmaz
et al. 1998). We focus on the latest basaltic lava flows
(∼0.5Ma; Sanver 1968) which record a single magmatic pulse
and path from chamber to the surface. The combined volume
of lava flows I and II represents only 0.06% of the volume of
the estimated magma reservoir.
The variety of volcanic products along Ağrı Dağı volcano
ranges from contemporaneous intermediate (dacitic and an-
desitic) to basic (basaltic) eruptions, indicating that the magma
in this volcanic edifice may be derived from double magma
chambers rather than a single magma source. The more
evolved intermediate volcanic rocks (e.g. dacite and andesite)
are generally concentrated at the central part of the edifice,
while the less evolved basaltic rocks are distributed at the
margin. The injection of dykes from the central part of the
deeper magma chamber (magma reservoir) could feed the
shallow magma chamber, while dyke injection from the mar-
gin of the deeper magma reservoir can propagate directly to
the surface to feed eruptions. Field observations and the nu-
merical models are consistent with this distribution, where less
evolved magma can be observed around the periphery of the
volcanic edifice, whereas more evolved lava flows are present
around the central part.
The results of the numerical model, supported by geochem-
ical data, indicate that dyke injection from the central part of a
deep magma reservoir could feed a shallow magma chamber.
The magma arriving at the shallower depths could then begin
a fractionation or differentiation process prior to the chamber
rupture condition (pe = T0 ≈ 5 MPa) being reached. Thus, we
suggest that the shallow magma chamber produces more
evolved magma (e.g. the young andesitic rocks of age 0.1–
0.02 Ma; Nagao et al. 1989), whereas the deep-seated magma
reservoir produces the older and less evolved lavas (e.g. 0.3–
0.049-Ma basaltic rock).
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The magma reservoir volume underneath Ağrı Dağı ap-
pears to have reduced considerably over a period of 0.5 Ma.
Our models indicate a volume reduction from 12,345 km3 for
lava flow I to 2403 km3 for lava flow II. Magma storage
shrinkage has been interpreted at other volcanic provinces
such as in Iceland (Andrew and Gudmundsson 2007) and at
the Al Haruj Volcanic Province, central Libya (Elshaafi and
Gudmundsson 2016) (Fig. 8).
The first volcanic eruptions may be envisaged as injection
from the margins of the deeper part of reservoir, whereas the
second volcanic units may be injected from the uppermost
part of the reservoir where more fractionated (lighter) basaltic
rocks form. These basaltic magmas tend to occupy the upper-
most part of a reservoir due to buoyancy. This process might
explain why the volume of the reservoir changed substantially
through time.
The sizes and areas of individual volcanic eruptions are
mainly dependent on the sizes of the source magma chambers.
There are many examples around the world showing that in-
dividual volcanic eruptions can occur on the order of several
hundred square kilometres and have volumes exceeding sev-
eral cubic kilometres. In fact, the largest basaltic lava flows
reach estimated volumes of thousands of cubic kilometres
(Fig. 8). Much more commonly, however, lava flows cover
only small areas and have volumes less than 0.5 km3. As an
example of a large historical lava flow, the 1783 Laki lava in
Iceland covers 565 km2 and has a volume of about 15 km3
(Fig. 8). Also, some prehistorical (mainly 16–17 Ma old) in-
dividual lava flows of the Columbia River Plateau exceed
volumes of 1000 km3. By contrast, the lava flow erupted dur-
ing the Krafla Fires in North Iceland, 1975–1984, covers an
area of 0.3 km2 and its volume is about 0.17 km3 (Tryggvason
1984), while Etna lava flow for the 1991–1993 eruption has
an area of 7.2 km2 and an estimated volume between 0.022
and 0.072 km3 (Harris et al. 2000) (Fig. 8). Many eruptions of
1–10 km3 and even larger can be explained by local volcano-
tectonic forcing (e.g. Gudmundsson 2015, 2016) or continu-
ous supply from a large deeper reservoir to the shallow cham-
ber during the eruption (Gudmundsson 1987). By contrast,
normal or small eruptions are usually less than 0.1 km3 and
commonly fed by crustal shallow magma chambers with little
or no continuous magma replenishment from a large deeper
reservoir during the eruption (Gudmundsson 1987, 2016).
Thus, in the absence of evidence for local volcano-tectonic
forcing, we assume that both lava flows I and II were
emplaced from a deep reservoir in a normal eruption. This
Fig. 8 a Area vs. volume
constraints of some single lava
discharge ratios for composite
volcanoes and volcanic regions. b
Volume compilation for some
historical eruptions. (1) This
study; (2) Kervyn et al. (2008);
(3) Harris et al. (2000); (4)
Tryggvason (1984); (5)
Thordarson and Self (1993); (6)
Reidel et al. (2013); (7)White and
Houghton (2000). Arrows
highlighting the last two basaltic
eruptions of Ağrı Dağı volcano
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notion is supported by the chemistry of the lavas, which indi-
cates primitive magma, particularly of the larger lava flow.
To explain the difference in the volumes and chemistry of
the lava flows, there are several possibilities. One possibility is
that the size or volume of the entire reservoir decreased greatly
between the two eruptions, in which case reduction in ‘effec-
tive size’ corresponds to reduction in true size. This possibility
cannot be ruled out, but the reduction in size would then have
to have happened within the time period of, at maximum, a
few hundred thousand years (the lava flows are younger than
500,000 years). This is possible, but not very likely given that
reservoir feeding volcanic systems, such as in Iceland, are
commonly active for 0.5–1 Ma (Gudmundsson 2006, 2012),
and in many other areas, similar reservoirs are active for as
long as millions of years. We, therefore, propose that the sec-
ond smaller eruption was supplied with magma from only a
part of the reservoir, that is, for a compartment within the
reservoir (see Gulen 1984 for discussion of the origin of the
lavas). This suggestion is supported by the second and smaller
lava flow being more evolved than the first and larger flow. It
is clear particularly at the margin area of the Ağrı Dağı volca-
no (e.g. Kheirkhah et al. 2009). Thus, we suggest that only a
fraction of the entire reservoir, a compartment (cf.
Gudmundsson 2012), contributed to the second eruption,
thereby, partly at least, explaining their volume and chemical
differences. Based on our calculations, the volume of that
compartment is 2403 km3 or roughly one fifth that of the
entire reservoir. Formation and maintenance of compartments
in magma sources are discussed by Gudmundsson (2012).
Furthermore, based on our numerical studies, this compart-
ment was most likely at one of the margins of the reservoir.
Tomography
The tomographic data indicate the presence of an active deep
magma reservoir having low P-wave velocities that extend to
the base of the upper crust (Fig. 5). The magma reservoir may
extend between 20 and 30 km in depth and 35–45 km in
width, showing a NW–SE-elongated tabular form (sill-like
shape) in the crust (Fig. 5a–c). A diapiric-shaped dyke injec-
tion extending to the upper level of the crust in a NE–SW-
oriented profile (Fig. 5d) is clearly observed. In all profiles, we
note that diapiric-shaped dyke injection feeding the main vent
of the Ağrı Dağı volcano is not aligned below the main vol-
canic centres (Fig. 5a–d). It seems that there is no magma
source below the Lesser Ağrı Dağı volcano. Greater Ağrı
Dağı volcano is not situated directly over the centre of the
large deeper reservoir. This suggests that the reservoir may
have migrated laterally following constructing of the Ağrı
Dağı volcano during the past 1.5 Ma. The shallow magma
chamber may be fossilised as a plutonic body directly below
the Ağrı Dağı volcano, which would not be possible to detect
it with tomographic imaging.
At least four historical volcanic eruptions are known to
have occurred from Ağrı Dağı volcano (Karakhanian et al.
2002): (i) pyroclastic flow in 1840 AD from Greater Ağrı
Dağı volcano, (ii) unclear eruption type in 1450 AD from the
SE slope of the Lesser Ağrı Dağı volcano, (iii) unclear erup-
tion type in late third–early fourth century AD from Greater
Ağrı Dağı volcano and (iv) explosive eruption-pyroclastic
flow in 2500–2400 BC from the N–NE slope of Greater Ağrı
Dağı volcano. Taking into account the huge magma reservoir
below the volcano, even a small future eruptive event coupled
with volcano flank instabilities could therefore pose a threat to
the large populations living around Ağrı Dağı volcano, in
Eastern Turkey and in the Armenian province.
Numerical models in the geological context
Our general numerical results provide insights into the mech-
anism of magma movement from a deep magma reservoir to
the surface. Such a process can occur in two predominant
ways: (i) the magma is fed directly to the surface from the
lateral margins of the deep reservoir, or (ii) when the magma
of deep origin is injected from the central part of the reservoir,
the magma path (the dyke) connects with a shallow chamber
which, in turn, ruptures and propagates a dyke to the surface.
In the second case, any eruptingmagma is then technically fed
from the shallow chamber. Despite the tomography data
which support an active deep magma reservoir (20–30 km in
depth), the huge volume of intermediate and acidic lavas con-
structed at AğrıDağı stratovolcano (see Fig. 2) and other large
stratovolcanoes most likely requires the formation of a shal-
low magma chamber.
When taken together, all of our results indicate that the bulk
volume of the reservoir appears to be considerably reduced
between the time of erupting lava flow I and lava flow II. The
smaller size of the later magma reservoir increases the likeli-
hood of interaction with the shallow chamber, assuming that it
has not already solidified which seems to be the case in Ararat
volcano. Regardless of the size of each individual chamber,
the conditions for rupture remain the same, namely that the
excess pressure must exceed the tensile strength of the wall
rocks (Eq. 5). In both cases tested numerically (Fig. 7), we
found that this failure is most likely at the margins of the
chamber. Therefore, the more evolved basaltic magma, which
remains inside the reservoir during the quiescence between
eruptions, may be mobilised vertically due to buoyancy ef-
fects to form compartments in the reservoir (Gudmundsson
2012), which subsequently ruptures when Eq. 5 becomes sat-
isfied again (Fig. 7c).
Basaltic rocks generated in lava flow II are generally more
fractionated than lava flow I, which is exactly as expected.
The lack of data concerning the petrogenesis and geochemis-
try for both volcanic flows makes further analysis challenging.
We therefore encourage a systematic field survey which
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would greatly improve the understanding of Ağrı Dağı volca-
no. We hope that these results encourage further research into
this volcano.
Conclusions
1. We calculated the total erupted materials Ve for two of the
most recent basaltic eruptions at the Ağrı Dağı volcano.
Lava flow I is around 3.2 km3, while the lava flow II is
around 0.6 km3. In addition, we present an approach for
estimating the volume of the reservoir supplying each
individual volcanic eruption. The effective reservoir vol-
umes obtained were 12,345 and 2403 km3 for lava flows I
and II, respectively.
2. Results of seismic tomography reveal a low-velocity zone
at a depth range of 20–30 km below the northwest part of
the Ağrı Dağı volcano, which is interpreted to be a deep
magma reservoir. We did not find strong evidence of a
shallow magma reservoir from the present velocity
models, implying that the shallow magma chamber has
already been solidified.
3. We explore two scenarios to explain the difference in
volume of these two flows. One is that the absolute reser-
voir volume decreased between the two eruptions. This is
possible, but not very likely since the likely time between
the eruptions is not very large in comparison with the
lifetimes of large reservoirs. The other scenario involves
reservoir compartments. In this scenario, while the less
evolved lavas around the volcano were fed only by a deep
reservoir, a comparatively small compartment within the
reservoir contributed magma to the eruption, which gen-
erated lava flows I and II at Ağrı Dağı volcano. In this
view, the calculated reservoir volume of 2403 km3 for
issuing lava flow II thus corresponds to that compartment
and is about one fifth of the total volume of the reservoir.
4. The combined results from tomography models and ana-
lytical calculations were used to prepare a suite of numer-
ical models. By simulating various crustal loading situa-
tions, we show the most likely stress state that promoted
feeder-dyke propagation to erupt lava flows I and II. Our
data are useful in estimating the potential source of future
eruptions at Ağrı Dağı volcano. The interpretation of our
numerical models suggests that Ağrı Dağı volcanism has
been periodically fed by a deep-seated magma reservoir at
20–30-km depth.
5. The basaltic magma feeding Ağrı Dağı stratovolcano is
enriched in LILE, which indicates an interaction just be-
low the volcano between the shallow magma chamber
and the deeper magma reservoir. However, less evolved
basaltic volcanic rocks at the margin of the Ağrı Dağı
volcano were presumably fed by a deeper magma reser-
voir with no interaction with the shallow chamber.
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Appendix C 
Supplementary data of Özgür Karaoğlu & Abdelsalam Elshaafi & 
Mohamed Salah & John Browning & Agust Gudmundsson (2017)  
II 
Stratigraphic columnar section of the Ağrı and Lake Van region (data taken 
from Türkünal, 1980). (uI): thickness; E: Young’s modulus; ρr: the average 
density of the host rock; v: Poisson’s ratio. 
 
